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Abstract 
Quantification of marine megafaunal distribution patterns using a 
Remotely Operated Vehicle 
David Matthew Parry 
This thesis documents the development and application of the Automated Benthic Image 
Scaling System (ABISS), a novel structured lighting array for calculating image scale, 
accounting for perspective, to allow quantitative non-destructive megafaunal sampling 
using observations from a Remotely Operated Vehicle (ROV). Megafauna are important 
components of marine soft sediment assemblages that influence the composition of the 
associated assemblage and the flux of energy across the sediment-water interface, by 
altering the physical and chemical characteristics of the sediment during biouirbation. 
However, megafaunal species are not sampled adequately using traditional techniques. 
Megafaunal abundance estimates derived from ROV observations were validated against 
those derived from direct diver observations and results suggested that data were in close 
agreement. To quantify spatial variation of the megafaunal assemblage, spatially 
referenced images were collected with a maximum sample separation of 400 m within a 
broader area of homogeneous sediment in Plymouth Sound (United Kingdom) during May 
2000 and March 2001. Results demonstrated that the spatial distribution of the megafaunal 
assemblage was neither uniform nor stable temporally. A hierarchy of spatial structure 
was detected, whereby, patches with minimum radius between 123-163 m were nested 
within patches up to 400 m radius. To assess the megafaunal contribution to endobenthic 
biomass, the population size structure and biomass of the dominant megafaunal bivalve 
Lutraria lutraria was estimated from measurements of the siphon tips. Results indicated 
that the population size structure was stable between years despite significant differences 
in abundance. In addition, L lutraria contributed approximately 90% of the endobenthic 
biomass, indicating that traditional assessment of benthic biomass by consideration of 
macrofaunal samples alone will underestimate severely the biomass and respiration of the 
entire endobentic assemblage. Novel techniques of quantifying the spatial distribution of 
megafaunal assemblages presented in this thesis offer ways forward to address how 
variation of megafaunal spatial structure affects macrofaunal assemblage structure, and to 
discuss the application of remote imaging to map and predict quantitatively the 
conservation value of subtidal soft sediments. 
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C H A P T E R 1 
General Introduction 
1.1 BACKGROUND TO ECOLOGICAL INVESTIGATION 
Ecosystems encompass a hierarchy of biological complexity from individuals, populations, 
assemblages, habitats, landscapes to biogeographical provinces. Ecologists face a daunting 
task to study scientifically the interactions that determine the distribution and abundance of 
organisms (Krebs, 1972). Although there is no single correct level in ecosystem hierarchy 
to describe ecological patterns (Levin, 1992), methods for understanding and predicting 
relationships in ecosystems may be classified as either top-down or bottom-up. Top-down 
investigations suggest that only by observing patterns in assemblage structure may the 
distribution of individual species be appreciated. Conversely, the bottom-up approach 
requires an appreciation of how each species in the assemblage is distributed and the way it 
interacts with all other species before community patterns may be determined. In practice, 
understanding ecosystem dynamics is a multiphase process because patterns in assemblage 
structure result from both top-down and bottom-up processes operating simultaneously. 
However, the detection and description of pattern (i.e. top-down approach) is the necessary 
starting point from which hypotheses may be raised, and tested experimentally, to identify 
the processes that establish and maintain the patterns observed (Steele, 1985; Underwood 
et al., 2000). 
At any particular level in the ecosystem hierarchy, the arrangement of organisms is 
typically non-random; species distribution patterns are heterogeneous both spatially and 
temporally. However, matching observed patterns to particular processes has proven 
difficult (Hewitt et al., 1996) because the boundary conditions that support a particular 
distribution pattern are set by processes operating at the next highest level, while the 
distribution pattern is generated by processes that operate at the next lowest level (O'Neill, 
1989). Additionally, higher level processes operate generally at relatively low rates and 
might appear constant at smaller scales of observation, while lower level processes operate 
at relatively high rates and may appear as noise in large-scale observations (O'Neill, 1989). 
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On a global scale, for example, the general pattern of high diversity at tropical latitudes 
compared to temperate or polar latitudes (Sanders, 1968; Crame, 2000) is made possible 
because atmospheric conditions support life on earth, while processes correlated with 
latitude, such as temperature, seasonality and area, maintain the pattern. Similarly, at the 
landscape scale, abiotic processes set the characteristics of a habitat while biotic 
interactions influence faunal distributional patterns (Schneider, 1994). Investigation of 
faunal abundance over a range of spatial scales usually reveals mosaics of patches nested 
within patches that appear homogeneous at larger spatial scales (Thrush et aJ., 1989; 
Morrisey et al., 1992; Kendall and Widdicombe, 1999), which suggests that the dominance 
of different structuring processes changes with spatial scales. Therefore, when 
investigations are planned to elucidate the relationship between faunal distribution patterns 
and structuring processes, the scales of observation should be linked with that of the 
process in question (Kotliar and Weins, 1990). 
The distribution and abundance of organisms may be investigated by quantifying diversity 
(the number of species present and the proportion of individuals of each species within a 
known area). In marine benthic ecology, diversity has been assessed traditionally for 
samples up to 0.25 m^, but the diversity of a point sample may be a property of the sample 
itself rather of the assemblage from which it has been collected. To quantify diversity of 
an assemblage, the spatial variability in the composition of species is required (beta 
diversity). Beta diversity measures the spatial variability in the composition of species 
(Gray, 2000), so may be used to detect patterns of faunal distribution from which 
strucUiring processes may be inferred. 
The intrinsic and extrinsic value of marine biodiversity in ecosystem function (Bengtsson 
et al., 1997; Costanza et al., 1997; Gray, 1997) has provided the impetus for resource 
management protocols that aim to sustain, maintain or enhance biodiversity. Furthermore, 
the United Kingdom has a legislative obligation to make inventories of, and monitor 
changes in, biodiversity and make plans to conserve biodiversity under the Convention on 
Biological Diversity, which was signed in 1992 and ratified by the United Kingdom in 
1994 (United Nations Environment Program, 1992). The ability to describe and predict 
changes in ecosystems, however, requires quantitative sampling at spatial scales greater 
than currently practised (Peters, 1991; Thrush et al, 1997b; Constable, 1999). 
Traditionally, marine benthic ecology has considered the composition and spatial 
variability of meio- and macrofaunal-sized species that may be sampled adequately using 
grabs and cores. However, benthic assemblages also contain megafaunal-sized organisms, 
defined operationally as those species large enough to be visible in a photograph (Grassle 
et al,, 1975), which are excluded currently from most studies through a lack of adequate 
sampling techniques. In recent years, the importance of megafaunal-sized species, 
particularly as ecosystem engineers, to the structure and function of benthic assemblages 
has been realised (Jones et al., 1994; Lawton, 1994). Ecosystem engineers are organisms 
that exert a greater influence on the structure and function of assemblages than their 
abundance alone would suggest by controlling the availability of resources to other 
organisms by altering the physical state of biotic and abiotic resources (Jones et al., 1997). 
In subtidal marine benthic habitats, megafaunal ecosystem engineers include epifaunal 
species such as crabs (Thrush, 1986) and fish (Summers, 1980), and infaunal species such 
as bivalves (Cummings et al., 1998), polychaetes (Woodin, 1978) and burrowing decapods 
(Posey et al., 1991). In addition to acting as ecosystem engineers, megafaunal species 
represent a large proportion of the benthic biomass and may, therefore, be an important 
route for energy flux between the benthos and the peiagial. 
Traditional sampling techniques do not sample adequately the megafauna through a 
combination of insufficient sample unit size and their inability to sample deep-burrowing 
organisms. Remotely operated vehicles (ROV) and other camera systems may offer a way 
forward to investigate the megafaunal fraction of marine benthic assemblages through non-
destructive underwater observations of epibenthic megafaunal species and the 
characteristic surface openings produced by many of the burrowing megafauna. The 
concepts introduced thus far will be discussed in greater detail in the following Sections. 
1.2 THE IMPORTANCE OF DIVERSITY 
Diversity measures, the number of species and the proportion of individuals of each 
species present in a knovm area, allow quantitative investigation of the distribution and 
abundance of organisms within any particular level of the ecosystem hierarchy. Over the 
past decade, there has been a profiision of studies that investigate the role of diversity in 
ecosystem function (Loreau et al., 2001 and references therein) as there is growing concern 
that loss of diversity due to anthropogenic effects and global warming will result in the loss 
of ecosystem function and the goods and services that they provide to society (Costanza et 
al., 1997). While certain species that are exploited commercially for food and raw 
materials represent obvious ecosystem goods, most ecosystem functions, such as 
production, carbon flow and nutrient cycling, are shared amongst many of the other non-
commercial species present (Duarte, 2000). Consequently, ecosystem services such as gas 
and climate regulation, erosion, sedimentation and waste treatment are also shared amongst 
the species present. Currently, the influence of biodiversity on ecosystem function is 
generally investigated experimentally to test whether key ecosystem functions are 
independent of the number of species in an assemblage, the results of which are compared 
with the Redundant Species, Rivet or Idiosyncratic Response Hypotheses (Lawton, 1994) 
(Fig. 1.1). At present, conclusive experiments that elucidate the relationship between 
biodiversity and ecosystem function remain elusive because of confounding factors related 
to the non-random selection of species in assemblages (Duarte, 2000), but there appears to 
be a positive relationship between species richness and ecosystem fiinction (Tilman, 1997). 
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Redundant Species Hypothesis: 
Few species are responsible for the majority of 
ecosystem f\mctioning. 
Additional species contribute little, and their 
removal will not affect significantly ecosystem 
functioning 
Rivet Hypothesis: 
All species make a significant contribution to 
ecosystem functioning. 
Ecosystem function will decrease as more species 
are removed. 
Idiosyncratic Response Hypothesis: 
Ecosystem function is related to diversity, but the 
magnitude and direction of change is 
unpredictable because the roles of individual 
species are complex and varied. 
number of species 
Figure 1.1: Three hypothetical relationships between species richness and ecosystem 
function. The null hypothesis indicates that ecosystem function is insensitive to 
species addition or removal (Lawton, 1994). 
1.2.1 Measurement of diversity 
In the simplest form, diversity is described by the number of different types of organisms 
co-existing in one place at the same time. It is not possible logistically to enumerate every 
individual of every species in an assemblage, so the number of organisms in a sample of 
that assemblage must be counted. Ideally, all species in a sample would be assessed, 
regardless of taxonomy and body size, but the size of sampler constrains both the species 
that may be sampled adequately and the way in which patterns of species distributions are 
perceived (Andrew and Mapstone, 1987). Therefore, all measures of diversity are linked 
inherently to scale and may be divided into three groups; alpha (a), beta (P) and gamma (y) 
diversity. The precise definition of each group of diversity measures is the subject of much 
debate and controversy (e.g. Gray, 2000). Nevertheless, alpha(a)-diversity refers generally 
to diversity of a single sample and must be expressed as a function of sample size. 
Although there appears to be no method to define objectively the appropriate scale for 
measuring point diversity (Underwood, 1986), alpha(a)-diversity indices may be used to 
describe within-habitat diversity (Whittaker, 1960) by calculating the mean number of 
species (± confidence interval) in replicate samples collected over the area. Beta(P)-
diversity indices measure the degree of change in, or difference in composition among, 
samples from a survey (Whittaker, 1975). I f the spatial extent of sampling is sufficiently 
large, beta(p)-diversity measures indicate how organisms respond to gradients in 
environmental heterogeneity and are, therefore, measures of between-habitat diversity. 
Beta(P)-diversity is dependent on the spatial arrangement and identity of species rather 
than a scale of diversity (as with alpha(a)-diversity), so may be termed more appropriately 
as turnover diversity (Clarke and Lidgard, 2000) and expressed in one of two ways: either 
as similarity between habitats or samples, or as the rate of species turnover between 
habitats or samples. In contrast, gamma(y)-diversity indices consider the number of 
species within a geographical region (Whittaker, 1960) and are analogous to an alpha(a)-
diversity measure of a very large sample. 
1,2,2 Problems of scale associated with measurement of diversity 
The detection and description of diversity and pattern within an assemblage should 
consider the size of sampler used and the distribution of samples within the survey location 
because any estimate of diversity is constrained by the characteristics of the sampler 
(Andrew and Mapstone, 1987; Wiens, 1989). To define sample strategy, the sample grain 
represents the size of an individual sample unit and the lag measures the distance between 
any pair of samples. Finally, the spatial extent represents the area within which all samples 
are contained (Wiens, 1989; Hewitt et al., 1996). In general, increasing sample grain size 
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will reduce variation between samples because a greater proportion of small-scale 
heterogeneity will be included within each sample, while variation may increase at larger 
spatial extent as more different habitats are sampled. Similarly, sample lag is related to the 
scale of distributional patterns that may be detected by a survey. 
The inverse relationship between body size and population density (Peters and 
Wassenberg, 1983; Lawton, 1989; Blackburn et al., 1990) interacts with sample grain so 
that any sampler will underestimate the abundance of larger-bodied organisms or 
organisms that are dispersed on a scale greater than the sampler. In marine benthic 
ecology, the sample grain of traditional grabs and box-cores varies typically between 0.07-
0.1 m^, which may be suitable for sampling meio- and macrofaunal-sized organisms 
(Holme and Mclntyre, 1984). However, megafaunal-sized organisms are not sampled 
adequately by traditional grabs and cores (Thurston et al., 1994). As a result, community 
analyses of benthic assemblages, sampled by traditional techniques, underestimate the 
contribution of megafaunal-sized species to assemblage composition because few 
individuals are collected. To sample megafaunal organisms adequately, the sample grain 
may be increased, but the definition of the benthic assemblage will change because it 
becomes impractical to count small species as sample grain increases. 
1.2.3 Detection of diversity on large spatial scales 
Detection of spatial pattern in benthic assemblages may provide the catalyst for inferring 
the structuring processes (Steele, 1985; O'Neill et al., 1991). Previously, such linkage has 
proven difficult because ecological pattems are a function of top-down and bottom-up 
processes operating simultaneously. Pattems in macrofaunal assemblage structure are used 
traditionally to assess the general processes that influence benthic diversity, but the scales 
at which organisms interact with the environment are usually a function of body size, 
feeding area and mode, and mobility (Addicot et al., 1987; Milne, 1992; Hewitt et al., 
1996). As a result, macrofaunal assemblage patterns may be maintained by small-scale 
processes, the influence of which cannot necessarily be scaled up to assess directly patterns 
in assemblage structure on larger spatial scales (Thrush et al., 1997b). To identify the 
processes that structure benlhic assemblages at large spatial scales, information required by 
resource managers, techniques that detect pattern in fauna at larger scales are required. 
1.2.4 Rapid assessment of marine diversity 
To address issues of landscape, regional or global change, the influence of large-scale 
processes on ecological processes at local scales, and how the effects will vary from place 
to place, are required. To achieve high confidence in results, replication may be increased 
with an associated increase in effort. In contrast, to increase generality of results, the 
separation between samples may be increased. The balance between generality and 
confidence must be considered carefully, therefore, because excessive attention to 
confidence risks learning more and more about less and less, while increasing generality 
leads to learning less and less about more and more (Thrush et al., 1997b). Nevertheless, 
ecological management and conservation requires indicators of generality that may applied 
with high confidence. In terrestrial ecology, rapid assessment techniques have been 
developed to provide general assessment of faunal distribution patterns with confidence, 
whereby the diversity of a subset of taxa may be used as a surrogate to estimate indirectly 
the diversity of whole assemblages (Oliver and Beattie, 1993; Gaston and Blackburn, 
1995; Jones and Eggleton, 2000). Efforts to develop equivalent techniques in marine 
ecology lag behind their terrestrial counterparts, but identification of surrogates for marine 
and coastal biodiversity have become an important research area (Feral, 1999). On a 
regional scale, the composition of death assemblages offers a promising approach to rapid 
assessment of molluscan diversity (gamma [y]-diversity) (Kidwell, 2001; Warwick and 
Light, 2002), but questions remain as to how molluscan diversity relates to the total 
diversity of all groups in the region. At local scales, the composition of macrofaunal 
assemblages may be assessed rapidly by reducing the taxonomic resolution of data 
analyses (Olsgard et al., 1998). To assess rapidly the variation in benthic diversity at larger 
scales (i.e. beta(P)-diversity), however, those aspects of the seafloor habitat that are most 
related to diversity must be defined and/or investigated. Additionally, for benthic diversity 
surrogates to be effective rapid assessment techniques, it must be possible to quantify their 
spatial distribution over potentially large areas cost-effectively. Marine megafauna, and 
the biogenic sediment structures they produce, are an important component of benthic 
diversity and megafaunal distributional patterns may represent a convenient method to 
assess rapidly the diversity of benthic assemblages. The mechanisms by which they might 
influence macrofaunal assemblages will be addressed in the following Section. 
1.3 EFFECT OF ECOSYSTEM ENGINEERS ON DIVERSITY AND 
ECOSYSTEM FUNCTION 
Various species appear to exert a greater influence on the structure and function of 
assemblages than their abundance alone would suggest, so quantification of their 
distribution may act as a convenient technique to assess rapidly the composition of the 
entire assemblage. Of particular interest, is the role of physical ecosystem engineers, 
which £ire organisms that control the availability of resources to other organisms by 
altering the physical state of biotic and abiotic resources (Jones et al., 1997). Autogenic 
engineers, such as coral reefs, modify the environment via their own physical structures 
and remain part of the engineered environment, while allogenic engineers transform 
biotic/abiotic materials that are available to others and do not necessarily remain part of the 
engineered environment (Lawton, 1994). To predict the influence of physical ecosystem 
engineers on ecosystem processes and infaunal assemblage structure, it is important to 
identify the engineers that are present and which resources are being engineered (Jones et 
al., 1997), because species may respond to changes in resource availability in different 
ways. At local scales, autogenic engineers may be associated with increased species 
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richness as they provide habitats that would otherwise be unavailable. However, the 
response to allogenic ecosystem engineers will depend on the magnitude and types of 
changes that occur, the resources that are controlled, the number of species that depend on 
these resources and whether these resources are able to support persistence in the new 
habitat (Jones etal., 1997). 
L3.1 Mechanisms by which ecosystem engineers affect benthic ecosystem function 
In marine soft sediment environments, the physical characteristics of the sediment 
constitute an important resource that may influence the structure of associated assemblages 
and the flux of nutrients across the sediment-water interface (Gray, 1974; Rhoads, 1974; 
Snelgrove and Butman, 1994). At large (10s to lOOs of kilometres) spatial scales, abiotic 
processes such as storm events (Rees et al., 1977; Posey et al., 1996) and demersal 
trawling (Schwinghamer et al., 1996; Kaiser et al., 1998; Thrush et al., 1998) may affect 
the composition of benthic assemblages through active removal of fauna and disturbance 
of sediment characteristics. In areas of low abiotic disturbance, however, the role of 
allogenic ecosystem engineers may be important in the creation and maintenance of 
diversity in otherwise homogeneous sediment habitats (Levin, 2000). Experimental 
evidence has shown that burrowing (bioturbation) and feeding by infaunal and epifaunal 
organisms may influence assemblage structure and nutrient flux across the sediment-water 
interface by altering sediment permeability, granulometry and stability (Suchanek, 1983; 
Hall, 1994; Widdicombe and Austen, 1998; Snelgrove et al., 2000); burrowing species act 
as allogenic ecosystem engineers (Jones et al., 1994). In the context of ecosystem function 
models (Fig. 1.1), assemblages that contain effective ecosystem engineering species may, 
therefore, conform to the Redundant Species Hypothesis (Lawton, 1994) as the engineer 
species are responsible for the majority of ecosystem function. 
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The scales of bioturbation may vary spatially and temporally as a function of both the 
mode of activity and mobility of the bioturbating species themselves. Feeding activity of 
epifaunal organisms, such as eagle rays (Myliobatis tenuicaudatus [Thrush et al., 1991], 
blue crabs {Callinectes sapidus [Blundon and Kennedy, 1982]) and flounder {Platichthys 
flesus [Summers, 1980]), may produce feeding pits several centimetres in diameter. 
Similarly, gray whales {Eschrichtus robustus) may produce pits or trenches several metres 
in diameter when feeding on benthic amphipods (Oliver and Slattery, 1985; Grebmeier and 
Harrison, 1992). Sediment disturbance by epifaunal feeding depends on the frequency of 
return to a particular piece of sediment and may be limited to the surface layers. In 
contrast, infaunal bioturbation and feeding may influence local sediment characteristics to 
greater depths and on a continuous basis, while the changes to sediment characteristics 
may be related to the type of burrowing activity. 
Mobile infaunal organisms disturb sediment either by 'biological bulldozing' or by 
'backfilling' as they move through the sediment fabric. Biological bulldozers displace 
sediment laterally as they move (e.g. Cerasioderma edule [Coffen-Smout and Rees, 
1999]), while backfillers excavate sediment from the anterior end of the body, which is 
passed along the outside of the body and deposited behind the individual (Kanazawa, 
1995) (heart urchin, Bhssopsis lyrifera [DeRidder and Lawrence, 1982]). Nevertheless, 
mobile biurowers have been shown to reduce the abundance of surface deposit feeders, 
enabling the proportion of suspension feeders and subsurface deposit feeders to increase 
(Brenchley, 1981). In contrast, infaunal organisms that live in permanent burrows and 
tubes may, at least temporarily, increase sediment stability and alter granulometry during 
burrow construction and maintenance, which creates local patches of unstable ejected 
sediment that may smother animals with low mobility and inhibit larval settlement and/or 
recruitment (Meadows and Tait, 1989; Posey et al., 1991). Burrow-dwelling species may 
influence sediment granulometry further through the production of faecal pellets, which 
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may also enhance bioresuspension of sediment and organics into the water column (Graf 
and Rosenberg, 1997). In addition to the direct effects of bioturbation on sediment 
characteristics, surface openings and ejecta mounds alter the topography of the sediment 
surface, affecting water flow at the sediment-water interface (Eckman et al., 1981). The 
interaction between hydrography and biogenic sediment features, such as burrow openings 
and tubes, may enhance further biodeposition and bioresuspension of sediment, with the 
associated effects on nutrient fluxes and assemblage structure (Graf and Rosenberg, 1997). 
Benthic assemblage structure has been investigated for different size fractions of the 
sediment infauna; meiofauna are retained on a 63 | im mesh and macrofauna are retained on 
a 0.5 mm mesh (Holme and Mclntyre, 1984). The limited body size of meio- and 
macrofaunal organisms suggests that the volume of sediment disturbed by each individual 
may be small, so macro- and meiofauna may engineer the ecosystem allogenically for 
protozoans. In contrast, megafaunal bioturbating species, which are larger than meio- and 
macrofauna] species, may disturb larger volumes of sediment and, hence, have the 
potential to act as important allogenic ecosystem engineers for macrofauna, meiofauna and 
protozoans, particularly in habitats that experience weak abiotic sediment disturbance 
processes. For example, the megafaunal thalassinidean ghost shrimp Callianassa 
subterranea may expel 1-2 cm^ of sediment from the burrow every hour (Stamhuis et al., 
1987, Rowden and Jones, 1993), equivalent to transporting a 75 cm thick layer of sediment 
to the surface each year (Rhoads, 1974). The most effective form of bioturbation appears 
to be 'biological bulldozing' (Thayer, 1983; Hall, 1994), but different elements of infaunal 
assemblages respond independently to different bioturbating mechanisms, suggesting that 
both the intensity and identity of bioturbating species will affect assemblage structure and 
nutrient flux rates (Widdicombe and Austen, 1999). The distribution of megafaunal 
ecosystem engineers, and the habitat characteristics they produce might, therefore, 
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represent a viable surrogate for rapid assessment of macrofaunal diversity (Thrush et al., 
2001). 
1A PATCH STRUCTURE OF BENTHIC ECOSYSTEMS 
1.4.1 Role of disturbance in maintenance of patch structure 
Several 'non-equilibrium' hypotheses have been raised to predict the role of disturbance in 
the creation and maintenance of diversity in marine soft sediment habitats. The 
Intermediate Disturbance Hypothesis proposes that the intensity and frequency of 
disturbance are key elements in setting and maintaining diversity (Connell, 1978); 
maximum species diversity occurs at an intermediate level of disturbance where 
competitive exclusion to a limiting resource is reduced, allowing co-existence of 
potentially competing species. The Intermediate Disturbance Hypothesis and variations 
thereon (e.g. Dynamic Equilibrium Model that includes the effects of organic enrichment 
[Huston, 1979]) predict that diversity depends on a disturbance regime that acts 
homogeneously over the habitat or assemblage under observation. Considering 
ecosystems as a hierarchy of structural complexity, however, disturbance from bioturbation 
may occur randomly both spatially and temporally at scales within habitats or assemblages. 
To understand how the predictions of non-equilibrium hypotheses may be manifested 
within habitat-sized areas, disturbance processes should be considered within a 
spatial/temporal framework. The concept of patch dynamics provides such a framework, 
within which the size, frequency and intensity of disturbance is considered together with 
recolonisation of patches (succession), temporal change within patches and the relation of 
patches to each other (Pickett and Thompson, 1978; White and Pickett, 1985; Reise, 1991). 
The way in which disturbance processes act upon the seabed may be visualised within the 
Spatio-temporal Mosaic Model (Grassle and Morse-Porteous, 1987), which considers the 
seabed as a mosaic of assemblages at different stages of recovery from physical 
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disturbance processes that operate at a range of scales and frequencies. At any location in 
the mosaic, the composition of the associated assemblage would depend on the area 
disturbed, intensity of the initial disturbance and the time since the disturbance ceased. 
Hence, the species richness of a large area depends on the average state of succession of all 
the patches within the mosaic (Grassle and Morse-Porteous, 1987). 
In the Spatio-temporal Mosaic Model (Grassle and Morse-Porteous, 1987), disturbance 
was a discrete event that removed all organisms from the affected area, but bioturbating 
megafauna do not influence macrofauna in this way. Megafaunal bioturbation is a more 
continuous sub-lethal process in the vicinity of megafaunal individuals themselves that 
affects species differentially and is reflected in the composition o f associated assemblages 
(Section 1.3.1). Within an assemblage, the spatial distribution of megafaunal, macrofaunal 
and meiofaunal species may be aggregated at a variety of spatial scales, each of which may 
be considered as patches of bioturbatory activity. At the largest scale, patches may be 
defined on the presence or absence of a particular megafaunal species. Within bioturbated 
habitats, however, the distribution of megafaunal individuals will seldom be uniform 
throughout the habitat, so areas of different bioturbating intensity will exist (Thrush et al., 
1997a). At the smallest scale, megafaunal individuals will create patches of bioturbated 
sediment around them with patches of less bioturbated sediment separating them from 
conspecifics, which will be particularly evident for territorial species. The different scales 
of aggregation for individual megafaunal species may be evident for all megafaunal 
species in an assemblage, which will interact to produce a hierarchy of nested patches that 
contribute to landscape heterogeneity (Reise, 1991; Hall et al., 1992). 
1.4.2 Landscape approach to quantifying megafaunal distribution 
The mechanisms by which some megafaimal ecosystem engineers affect ecosystem 
processes, assemblage structure and energy-flux across the sediment-water interface have 
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been determined through experimental and in situ manipulation of benthic assemblages 
(e.g. Branch and Pringle, 1987; Gilbert et al., 1998; Widdicombe and Austen, 1998). In 
general, the maximimi spatial extent of experimental plots may be 10s of metres, yet there 
is a growing need to quantify megafaunal distribution patterns at larger spatial scales to 
improve the ability to describe and predict changes in ecosystems (Peters, 1991; Thrush et 
al., 1997b; Constable, 1999). 
Landscape ecology originated in terrestrial ecology as a top-down approach to 
understanding ecosystem dynamics, where all landscapes are considered as a mosaic of 
landscape units that may be repeated at intervals over space within a background matrix 
(Turner et al., 1989; Forman, 1995; Kent et al., 1997). In common with the ecosystem 
hierarchy, landscape units may occur at any level of organisation (Forman, 1995). Hence, 
the stability of a particular landscape unit, such as a habitat patch, may be affected by 
processes operating in encompassing landscape units at the next highest level, between 
nearby units at the same level, and in component units at the next lowest level. The focus 
of landscape ecology on patterns and processes suggests that a similar approach may be 
applied to understand marine ecosystem dynamics and predict the consequences of change. 
In terrestrial landscape ecology, habitat patches are defined usually on the basis of 
vegetation type and/or anthropogenic structures, whereby, the backgroimd matrix may be 
woodland, while woods, fields and housing estates represent conspicuous patches that may 
be linked by corridors such as hedgerows, rivers and roads (Forman, 1995), In marine 
benthic landscapes, the background matrix may be either rock or sediment substrata, in 
which habitat patches may be defined using different types of macroalgae (Dayton, 1992) 
or seagrass (Iriandi, 1994; Robbins and Bell, 1994). To apply a landscape ecology 
approach to unvegetated sediment substrata, however, requires habitat patches being 
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defined on the basis of the physical characteristics of the sediment rather than biological 
structures (Zajac, 1999). 
It has long been recognised that benthic macrofaimal communities are related to the 
physical characteristics of substrata (Petersen, 1913; Jones, 1950; Gray, 1974), which 
reflect pattems of tidal stress, grain size and availability of sediment (Warwick and Uncles, 
1980). The physical characteristics of the seabed may be mapped on a landscape scale 
using acoustic imaging techniques such as side-scan sonar, a system which ensonifies a 
swathe of seabed either side of the research vessel and produces maps of acoustic 
reflectance of the seabed (Warwick and Davies, 1977). In the past decade, acoustic ground 
discrimination systems (AGDS) have been developed to classify the type of substratum 
from the characteristics of acoustic signals reflected from the seabed. The first 
commercially-available AGDS was RoxAnn'^^ (Stenmar Micro Systems Ltd., Aberdeen, 
Scotlemd) which measures the strength of the first and second reflections of the signal from 
a standard echo-sounder to estimate the roughness (El) and hardness (E2) of the seabed 
respectively (Chivers et al., 1990). Acoustically-distinct areas of seabed may be defined 
on the grouping of El and E2, and converted to maps of different sediment types after the 
El and E2 groupings have been calibrated for known sediment types in the region under 
investigation. 
A variety of AGDSs has been developed subsequently, including QTC View*^^ (Quester 
Tangent Corporation, Vancouver Island, Canada). In contrast to RoxAnn™, QTC View™ 
uses a thorough analysis of the El signal only, from which a series of algorithms produces 
166 acoustic feature descriptors. The most useful acoustic feature descriptors are 
identified by principal components analysis (PCA), which are expressed as three *Q' 
values, the combination of which are compared to acoustic signatures to infer sediment 
type (Collins et al., 1996; Preston and Collins, 1999). Both RoxAnn^^ and QTC View^^ 
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give a continuous classification of seabed directly below the acoustic beam (Greenstreet et 
al., 1997; Morrison et ah, 2001), so sediment maps are produced by interpolation between 
data points. Acoustic ground discrimination by RoxAmi™ and QTC View™ provides 
valuable information on the distribution of different sediment types al landscape scales, 
despite different approaches to seabed classification (Hamilton el al., 1999), and may be 
used to infer the general composition of the associated faunal assemblages. However, 
patterns of sediment grain size distribution are formed ultimately by hydrodynamic and 
geotechnical processes (Buller and McManus, 1979), so acoustic imaging techniques 
identify the boundary conditions within which faunal assemblages occur rather than 
provide information on the variability within the assemblages themselves. 
The activity of biolurbating organisms may influence sediment granulometry and porosity, 
each of which affects the acoustic reflectance of soft sediments. Acoustic imaging 
techniques may, therefore, offer a way forward to quantify the spatial distribution of 
bioturbating activity within habitat patches (Magorrian et al., 1995; Briggs and Richardson, 
1997). A RoxAnn'^'^ survey in the Greater Minch appeared to support such an approach by 
suggesting that Nephrops norvegicus burrow density explained 95% of the variability of 
the El signal from a RoxAnn'^'^ survey (Finn and Robertson, 1998). The strong 
relationship between El and burrow density was lost, however, following subsequent 
deployments at different locations (Finn and Robertson, 2001), indicating that acoustic 
imaging is limited to detecting landscape scale patterns of sediment granulometry rather 
than variation in burrow density. Consequently, alternative methods for quantifying the 
abundance and distribution of megafaunal organisms, both epifaunal and infaunal, at 
intermediate spatial scales are required. 
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1.5 SAMPLING THE MEGAFAUNA 
The previous Sections indicate that the activity of large bioturbating fauna is important in 
structuring soft-sediment communities and that these organisms are a poorly understood 
component of energy-flux models. In addition, there is a growing requirement to assess 
the defining characteristics of habitats, and the dynamics of those habitats to bridge the gap 
between local deterministic studies and observations of broad-scale patterns. In the 
following Sections, methods for sampling the megafauna will be discussed in terms of 
sample grain (the size of an individual sample unit), survey extent (the area within which 
all samples are contained) and sample lag (the inter-sample distance) (Wiens, 1989; Hewitt 
et al., 1996). 
1.5.1 Grabs, Cores, Trawls and Dredges 
Traditional methods for describing and monitoring subtidal soft-sediment communities 
usually involve collection of samples using grabs, box-corers, benthic trawls or dredges. 
The dimensions of the grab or core determine the sample grain, while that of trawls and 
dredges may be calculated by multiplying the width of the trawl/dredge opening by the 
distance for which they were towed. However, *blind' deployment of these samplers 
precludes the accurate calculation of sample lag. Any sampler will underestimate the 
abundance of organisms that are dispersed on a scale greater than the dimensions of the 
sampler. Similarly, the inverse relationship between body size and population density 
(Peters and Wassenberg, 1983; Lawton, 1989; Blackburn et al., 1990) interacts with 
sample grain so that any sampler will underestimate the abundance of larger-bodied 
organisms. Given the relationship between body size and scale of dispersion, grabs and 
box-corers with a typical sample grain of 0.07-0. Im^ may be suitable for sampling meio-
and macrofaunal-sized organisms (Holme and Mclntyre, 1984), but will not sample 
adequately megafaunal-sized organisms (Thurston et al., 1994). Trawls and dredges may 
be more appropriate for sampling epifaunal and shallow-burying megafaunal organisms 
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because the sample grain is greater than for grabs and box-corers (hundreds to thousands of 
square metres); thus the relationship between body size and sample grain should not be as 
strong. However, each trawl or dredge must be considered as a single sample, so important 
information on spatial heterogeneity will be lost by integration of the sample. 
Table 1.1: Maximum depth of 
species. 
burrows constructed by megafaunal bioturbating 
Megafaunal Species 
Maximum 
depth (cm) 
Reference 
Thalassinidean crustacean 
Axius serratus 300 Pemberton etal. (1976) 
Callichurus laureae 200 de Vaugelas and Buscail (1990) 
Upogebia deltaura 68 Hall-Spencer and Atkinson (1999) 
Upogebia omissa 86 Coelho et al. (2000) 
Callianassa subterranea 65 ±17 Nickell and Atkinson (1995) 
Calocaris macandeaea 22 Nash et al. (1984) 
Jaxea nocturna 92 Nickell and Atkinson (1995) 
Bivalve mollusc 
Lutraha angustior 40 Hall-Spencer and Atkinson (1999) 
16-18 Zwarts and Wanink (1989) 
Mya arenaria 
25 Blundon and Kennedy (1982) 
Mya truncata 52 Hall-Spencer and Atkinson (1999) 
Ensis arcuatus 32 Hall-Spencer and Atkinson (1999) 
Cerastoderma edule 1-2 Zwarts and Wanink (1989) 
Macoma balthica 5 Zwarts and Wanink (1989) 
Scrobicularia plana 12 Zwarts and Wanink (1989) 
Spatangoid echinoderm 
Brissopsis lyrifera 3 de Ridder and Lawrence (1982) 
Echiuran worm 
Maxmuelleha lankesteri 80 Hughes et al.(1996) 
In addition to the influence of the body size/sample grain relationship on estimates of 
megafaunal abundance, many burrowing megafaunal species bury beyond the reach o f 
most traditional sampling equipment (Table 1,1). The depth of penetration into the seabed 
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by grabs and cores is a function of equipment weight, equipment velocity at impact with 
the seabed, deployment depth and the physical characteristics of the sediment being 
sampled, but maximum penetration rarely exceeds 50 cm. Consequently, the combination 
of large body size and deep burrowing lifestyle of many megafaunai species renders 
traditional equipment inappropriate for their sampling. Abundance and distributional 
patterns may, however, be investigated using quantitative observations of epibenlhic 
megafauna (Thrush and Townsend, 1986), and of the characteristic surface openings and 
mounds associated with many of the burrowing megafaunai species. For example, 
thalassinidean shrimps produce characteristic burrow openings and mounds (Atkinson and 
Nash, 1985; Griffis and Suchanek, 1991) that may be used to infer abundance and identity 
(Rowden et al., 1998). Similarly, echiuran worms are identified and counted generally 
using observations of ejecta mounds and stellate surface traces produced by the proboscis 
(Hughes et al., 1993; Bett et al., 1995) as they are difficult to collect intact and retract 
rapidly into the sediment when approached (Hughes et al., 1996). 
1.5.2 Observations by SCUBA Divers 
Observations by SCUBA (Self Contained Underwater Breathing Apparatus) divers have 
long been used to quantify the distribution of conspicuous epifaunal species (Suchanek, 
1983; Thrush and Townsend, 1986) and, in combination with resin casting, have been used 
to characterise burrow morphology and surface openings associated with burrowing fauna 
(Suchanek and Colin, 1986; Atkinson and Nash, 1990; Nickell et al., 1995). However, 
quantification of megafaunai abundance and distribution using observations by SCUBA 
divers has been limited by the logistic and physiological constraints of dive depth and 
duration to shallow (<30 m) coastal habitats. 
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1.5.3 Underwater camera observations 
Megafaunal abundance and distribution data that are comparable to that derived from diver 
observations may be collected from images from underwater cameras, which are not 
subject to the same constraints of deployment depth and duration as divers. Consequently, 
camera observations may be used to quantify the abundance and distribution of 
conspicuous megafauna, and the characteristic sediment structures associated with many 
burrowing megafaunal species, in habitats not accessible to SCUBA divers. In addition to 
extending the conditions under which data may be collected, cameras provide a permanent 
record of observations, which may be analysed further by other scientists. 
The sample grain of all photographic investigations is determined by the orientation of the 
camera and camera-object distance associated with the way in which the camera is 
mounted on its frame. For photographic surveys, sample lag depends on the number of 
images that may be captured on the film and is a function of the velocity of the camera 
relative to the substratum. In contrast, video cameras provide continuous observations, so 
selecting a contiguous series of overlapping images may control sample grain, while 
sample lag may be varied to increase or decrease the spatial resolution of investigations. 
Underwater cameras may be deployed and controlled in a number of ways depending on 
the accessibility and spatial extent of the survey location, and the budget available. To 
obtain quantitative data from any underwater image, however, the area of seabed contained 
within each image must be calculated, so that a constant sample grain may be defined. The 
absolute area contained within any image is a function of the distance between the camera 
and the object, the orientation of the camera with respect to the object (i.e. camera 
inclination angle) and the acceptance angle of the lens (Wakefield and Genin, 1987). 
Additionally, the orientation of the camera affects the resolution of observations; image 
resolution (Section 2,3.3.2) decreases as camera-object distance increases. In the majority 
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of underwater camera deployments, camera-object distance and inclination angle are 
maintained by mounting the camera within a frame supported by the substratum when 
images are collected. Underwater cameras may be deployed also in such a way that no 
part of the camera or mounting fi-ame makes contact with the seabed; hence, camera-object 
distance and inclination angle may be variable and unknown, which requires alternative 
techniques to quantify image scale. The different methods of camera deployment, and the 
circumstances in which they may be deployed, will be introduced in the following 
Sections, while the methods of calculating image scale will be addressed fully elsewhere 
(Chapter 2). 
1.5.4 Camera deployment methods that maintain contact with the substratum 
1.5.4.1 Manual deployment by SCUBA divers 
Underwater cameras, both photographic and videographic, may be deployed and operated 
by SCUBA divers, enhancing direct observational data by providing a permanent record of 
the underwater scene. Camera-object distance may be maintained by attaching a pair of 
rods of known length to the camera housing but, to maintain camera inclination angle, a 
camera frame is required (Lundalv, 1971, 1976). Diver-operated cameras are used most 
commonly for monitoring temporal change at fixed locations, where a single image or a 
series of overlapping images may be collected (Hiscock, 1987). Physiological processes 
associated with the depth and duration of dives restricts the survey extent, while diver-
deployed cameras are restricted to shallow (<30 m) coastal habitats. 
1.5.4.2 Drop-down camera deployment 
To investigate spatial variation in abundance of conspicuous flora and fauna beyond depths 
reached by divers, underwater cameras may be deployed on a frame that is lowered to the 
seabed using a warp from a surface vessel (i.e. drop-down camera deployment). The 
location of images may be controlled from the surface by raising and lowering the camera 
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on the tether to make contact with the substratum. To ensure that images are collected at a 
standard camera-object distance, photographic cameras may be controlled by a switch 
mounted on the frame that is activated on contact with the substratum (Vevers, 1951). 
Alternatively, a forerunner weight that hangs a set distance below the camera may be 
attached to the shutter release; the camera is activated by the release of tension as the 
weight makes contact with the seabed (Piepenburg and Schmid, 1997; Lamont and Gage, 
1998). The spatial extent of drop-down camera surveys may be considerable because a 
series of images may be collected by 'bouncing' the frame (or trigger weight) along the 
substratum as the vessel drifts or is underway at slow speeds. In many ways, drop-down 
photography is analogous to grab and core sampling of the sediment-water interface, and 
cameras may be attached to grab and box-core equipment to target sampling towards 
particular substrata (Mortensen et al., 2000) and place infaunal samples in context with the 
local sediment habitat (Collie et al., 2000). Disadvantages of drop-down cameras are 
introduced by the impact of the camera frame (or grab/core) on soft sediment, causing 
sediment resuspension that obscures the seabed. As with grabs and cores, 'blind' 
deployment precludes calculation of sample lag as the exact location of the camera on the 
seabed, either in real or relative co-ordinates, is usually unknown (Patterson, 1984; Barthel 
eta)., 1991). 
1.5.4.3 Sledge- and Trawl-mounted Cameras 
In addition to their deployment on grabs and cores, cameras may be attached to trawl 
equipment (Rice et al., 1982). In this configuration, cameras enhance trawl sampling by 
providing an indication of the spatial heterogeneity of the benthos within each sample. 
However, underwater cameras are often mounted on sledges that do not physically collect 
the epifaunal species encountered (Machan and Fedra, 1975; Holme and Barrett, 1977). In 
recent years, towed underwater camera systems have been deployed on positively buoyant 
frames weighed down by chains that drag across the seabed, hence camera-object distance 
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is maintained when neutral buoyancy is reached (Barker et al., 1999; Bax et al., 1999). In 
common with drop-down deployment, the spatial extent of sledge-mounted surveys may be 
considerable because the equipment is towed while the vessel is underway, the distance 
travelled being measured by an odometer wheel in contact with the seabed. Towed camera 
surveys may use either photographic cameras, activated at pre-determined frequency, or 
video cameras that record a continuous stream of images. Consequently, photographic 
surveys provide images with constant sample grain where sample lag is related to the 
velocity of the sledge over the seabed. In contrast, the sample grain of video surveys may 
be manipulated after deployment by considering series of contiguous images. 
Nevertheless, sample lag is related to the velocity of the sledge over the seabed. 
Sledge-mounted video surveys have been particularly successful in surveying large 
conspicuous fauna such as scallops (Franklin et al., 1980) and Nephrops norvegicus fishing 
grounds where the characteristic burrows are counted (Chapman, 1979; Hensley, 1996; 
Tuck et al., 1997). However, the main disadvantage with sledge-mounted cameras is 
sediment resuspension as the sledge tracks drag across soft substrata. The minimum speed 
at which sledges are towed across the substratum is difficult to control accurately from the 
surface vessel, but a speed of approximately 1 knot is common. However, faster towing 
speeds are often required to 'out-run' the clouds of resuspended sediment (Hughes and 
Atkinson, 1997). Although the survey extent per unit time will be broadened by increased 
sledge velocity in relation to the seabed, the resultant images become blurred, reducing the 
ability to identify and count organisms or burrows encountered. 
1.5.4.4 Time-lapse deployment 
In time-lapse deployment, the camera is mounted on a fixed frame that is not connected 
physically to the surface; a benthic lander. Time-lapse photographs are generally collected 
from single landers deployed on temporal scales approaching one year (Gardner et al., 
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1984) to investigate temporal variation in local processes such as rates of organic input 
(Lampitt et al., 1995) and activity of mobile megafauna (Smith et al., 1993). When 
deployed in isolation, the sample grain of time-lapse photographs, which may be a few 
square metres, is analogous to the spatial extent of the survey. Orienting the camera to 
look straight down at the seabed (i.e. perpendicular camera inclination) provides the 
minimum sample grain of time-lapse images, whilst oblique inclination angles increase 
sample grain and allow observation of regions of seabed undisturbed by the lander 
(Thomdike, 1959; Lampirt and Bumham, 1983). The sample grain (and spatial extent) of 
time-lapse photography may be increased indirectly by using bait to attract mobile fauna 
(Friede et al., 1994), but the absolute sample grain depends on dispersal of the bait odor 
and sensitivity of the fauna attracted to the bait. Consequently, baited time-lapse cameras 
are limited generally to quantifying temporal variation in local process in the same way as 
non-baited time-lapse cameras. However, plans for deployment of arrays of benthic 
landers equipped with time-lapse cameras are being developed to address the spatial 
component of temporal processes observed currently in the deep sea (Friede [Oceanlab, 
University of Aberdeen] pers. comm.). 
1.5.5 Camera deployment methods where contact with the substratum is avoided 
1.5.5.1 Manned scientific submersibles 
Manned submersibles, autonomous underwater vehicles that support a pilot and crew of 
one or two scientists, allow direct observation of biota in water depths well beyond the 
reach of SCUBA divers (Bowen and Walden, 1992). Although manned submersibles 
allow direct observations in the deep sea, organismal abundance is often over-estimated 
(Grassle et al., 1975), while observations through convex viewports, the optimum design 
for withstanding the immense pressures at depth, reduces the apparent size of objects 
(Caddy, 1973). Consequently, a variety of underwater cameras, both photographic and 
video, is attached to the outside of manned submersibles to collect consistent underwater 
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images. Although the pioneer manned submersible deployments maintained contact with 
the seabed to control the area of seabed contained within underwater images (Caddy, 1973; 
Grassle et al., 1975), the benefits of submersible manoeuverability are restricted as similar 
data could be obtained using towed camera sledges for a fraction of the cost. 
The maximum depth achieved currently by a manned scientific submersible is 6000 m 
(Deep Submersion Vehicle p S V ] Nautile, IFREMER), but the actual dive depth and 
duration is related directly to the length of time the batteries can supply sufficient power to 
operate the submersible. For example, the duration of a typical dive in DSV ALVFN is 7 
hours, which corresponds to a maximum depth of 2050 m (Woods Hole Oceanographic 
Institution). However, approximately 4 hours of the total dive time may be assigned to 
descent and ascent to the operating depth; hence bottom time may be only three hours per 
dive. To maximise the time available for benthic observations, and utilise submersible 
manoeuverability, manned submersibles are generally deployed to collect detailed data 
from specific locations, such as hydrothermal vents (Lutz et al., 1998) or whale carcasses 
(Smith et al., 1998), within a limited spatial extent. In essence, manned submersibles 
provide similar data to diver observations, but at greater depth and at significantly greater 
cost. 
In all the camera deployment arrangements described thus far, cameras were mounted on a 
fi*ame that maintained camera-object distance and inclination angle by physical contact 
with the substratum. In most manned submersible deployments, however, contact of the 
submersible with either the substratum or feature of interest may be undesirable due to the 
risk of damage to both the submersible and the object being studied. Consequently, the 
underwater cameras are mounted on pan and tilt mechanisms that permit control of camera 
orientation horizontally or vertically, a combination of which allow the camera to be 
pointed at the subject while the submersible hovers in the vicinity. The sample grain of 
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underwater images collected from manned submersibles may, therefore, be variable and 
unknown due to the lack of contact between submersible and substratum. To apply scale 
to underwater images, various techniques have been developed and tested. However, a 
novel approach to calculating image scale, the Automated Benthic Image Scaling System 
(ABISS), has been developed during the course of the current project. The specific details 
of the ABISS will be addressed in Chapter 2. 
The deployment of manned submersibles is limited to a few large research institutions in 
the United States (Woods Hole Oceanographic Institution [DSV ALVIN] and Harbor 
Branch Oceanographic Institute [Johnson Sea-Link Submersibles I and II]) , France 
(IFRJEMER [DSV NAUTILE]) and Russia (Shirshov Institute of Oceanology [DSV Mir I 
and II]) which have sufficient financial and logistical support. In addition, the survey 
extent of manned submersible observations is limited by the constraints of dive depth and 
duration. The development of unmanned submersibles would, therefore, allow comparable 
data to be collected over longer time scales and at greater depth, and increase the spatial 
extent of benthic observations. 
1.5.5.2 Remotely Operated Vehicle 
A remotely operated vehicle (ROV) is a tethered unmanned submersible linked to the 
surface by an umbilical cable through which power, control commands and observation 
data travel. The basic inspection ROV carries a video camera, auxiliary lighting and a 
compass, all of which provide information to a pilot who controls the vehicle in real-time 
by activating four or more independent thruster motors. Work-class ROVs are larger than 
the basic inspection ROV, with more powerftil thruster motors that increase the amoimt of 
additional equipment that may be deployed. To operate the additional equipment in real-
time, sufficient cables must be available within the umbilical, also increasing the weight 
and cost. Nevertheless, work-class ROVs have been deployed with manipulator arms 
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(Etchemendy and Davis, 1991), midwater sample boxes (Robison, 1992), sonar (Greene et 
al., 1991) and cores for limited sediment collection (Dawber and Powell, 1997). It is, 
however, the capability of ROVs to collect video images that have attracted their attention 
for most scientific investigations. 
Remotely operated vehicles are suited particularly to working in topographically complex 
habitats, such as iceberg scour zones (Dawber and Powell, 1995; Hamada et aL, 1986; Gutt 
et al., 1996) and marine canyon regions (Harrold et al., 1998), where the camera must be 
moved into position and intervention by an operator may be hazardous. Supply of power 
from the surface and lack of crew, however, lifts the constraints of dive depth and duration 
associated with manned submersibles, thus widening the circumstances under which ROVs 
may be deployed. Indeed, a Japanese ROV ('Kaiko') reached the bottom of Challenger 
Deep in the Marianas Trench which, at 10911.4 m, is the deepest place on the planet 
(Takagawa, 1995). 
The length of umbilical limits the maximum depth, or survey extent, of an ROV 
deployment, which may achieved in locations where no water currents flow. Drag on the 
umbilical increases with current velocity, however, imposing a catenary that reduces the 
effective depth, or spatial extent, that the vehicle may achieve (Fig. 1.2). Additionally, the 
ability to control and manoeuvre the ROV decreases as current velocity increases 
(Dowdeswell and Powell, 1996). Ideally, ROVs should be deployed in low current 
conditions, but a downweight may be attached to the umbilical to reduce the catenary in 
regions where current velocity is significant (Sprunk et al., 1992; Brodeur, 1998) (Fig. 
1.2); thus, maximum depth or spatial extent may be approached. 
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Boat 
curr 
curie 
downweig 
A) Deployment One No current 
•Minimum catenary on umbilical. 
•Maximum spatial extent of survey at 
deployment depth achieved 
B) Deployment Two Current present 
•Catenary in umbilical increases with 
current velocity 
•Spatial extent of survey and/or 
deployment depth is reduced 
C) Deployment I hree Current present 
•Attachment of a downweight (or tether 
management system [TMS]) reduces 
umbilical catenary 
•Spatial extent of survey at deployment 
depth is maximised 
Figure 1.2: Schematic depicting the limitations imposed by water currents on the depth 
and spatial extent of remotely operated vehicle (ROV) deployments. Deployment 
three represents an approach to combating the deployment limitations 
Most inspection ROVs are designed to operate to a maximum depth of approximately 150 
m, so the umbilical may be managed manually To manage the additional length (and 
weight) of work-class ROV umbilicals, however, mechanical tether management systems 
(TMS) are necessary (Shepherd and Juniper, 1997) Although the depth and survey extent 
of ROV deployment may exceed that of manned submersibles, the ability to make fine 
resolution within-habitat observations is retained by control of the ROV from the surface 
(Hovland et a l , 1998) Hence, ROV deployments offer the potential to make controlled 
non-destructive observations from small (Hardin et a l , 1992), to intermediate spatial scales 
(Watters et a l , 1995) 
Table 1.2: The relative merits of underwater camera deployment methods. Each 
attribute is ranked in ascending order. 1 = lowest, 2 = intermediate, 3 = high, 4 = 
highest. 
Contact with substratum No contact with substratum 
Time- Diver- Drop- 5,^ ^ 
lapse deployed down 
Manned 
submersible 
Control and 
navigation 
Spatial extent 
Depth 
Cost (£) 
1 3 2 2 
1 2 4 4 
3 1 3 3 
1 1 1 1 
3 3 
2 3 
2 3 
3 2 
The relative merits of the camera deployment techniques discussed in this chapter are 
summarised in Table 1.2. It is clear that remotely operated vehicles are most appropriate 
for controlled, non-destructive observation of benthic habitats at intermediate spatial 
extent, independent of water depth. For these reasons, the ROV is a valuable method of 
deploying underwater cameras and is becoming an increasingly valuable piece of 
equipment for the marine scientist. 
1.6 AIMS AND THESIS STRUCTURE 
The aims of this thesis were: 
1. To develop sampling techniques to extract quantitative data from images collected by 
remotely operated vehicles. 
2. To quantify the spatial and temporal distributional patterns within a marine megafaunal 
assemblage using observations from a remotely operated vehicle. 
3. To estimate biomass of the dominant species within a marine megafaunal assemblage 
using observations from a remotely operated vehicle. 
To achieve these aims, novel techniques to allow extraction of quantitative data from 
underwater images and to provide accurate spatial referencing to all images collected were 
developed. The design, calibration and operation of the Automated Benthic Image Scaling 
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System (ABISS), which calculates scale within underwater images and, hence sample 
grain, accounting for perspective, is discussed in Chapter 2. The basic principles and 
operation of an underwater acoustic positioning system (PharosLite), developed in 
collaboration with Sonardyne International Ltd., are also discussed in Chapter 2. 
Megafaunal distributional patterns were quantified at two locations in the United 
Kingdom: Jennycliff Bay in Flymouth Sound and Loch Creran on the west coast of 
Scotland, and details of the study sites are provided in Chapter 3. To assess the validity of 
megafauna] abundance data derived from remotely operated vehicle observations, 
agreement with abundance estimates derived fi-om direct observation by SCUBA divers 
was investigated on a limited spatial extent (Chapter 4). To quantify spatial variation in 
megafaunal assemblages within habitats that might be considered homogeneous at a 
regional scale, the ROV was deployed within a patch of sediment, which was defined as 
homogeneous muddy sand using acoustic imaging techniques, on a spatial extent of 400 m 
(Chapter 5). To investigate the contribution of marine megafauna to the biomass of soft 
sediment assemblages, measurements of characteristic surface openings were used to 
derive the body size distribution of the infaunal bivalve, Lutraria lutraria, and produce 
gross estimates of biomass as an indicator of total megafaimal biomass (Chapter 6). The 
conclusions from Chapters 2-6 are synthesised and discussed in Chapter 7, allowing the 
quantification of marine megafaunal assemblage distributions using remotely operated 
vehicles to be assessed critically. 
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C H A P T E R 2 
Development of techniques to quantify scale 
and spatially reference remote images 
Sections of this chapter are contained in: 
Pilgrim, D. A., Parry, D.M., Jones, M.B., Kendall, M.A. (2000). ROV image 
scaling with laser spot patterns. Underwater Technology 24, 93-103. 
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2.1 EQUIPMENT D E T A I L S 
2.1.1 Remotely Operated Vehicle specification 
The remotely operated vehicle (ROV) used during the investigations presented in this 
thesis was a Phantom XTL (Deep Ocean Engineering, San Leandro, California) (Fig 2 1) 
Umbilical cable 
Vertical propeller 
Sonardyne MiniROVNav 
transducer 
•Osprey camera 
•Lateral propeller 
•Crash frame 
25 cm 
Figure 2.1: The Deep Ocean Engineering Phantom XTL remotely operated vehicle 
This is a portable, low-cost (replacement value approximately £65,000) ROV designed for 
underwater inspection to depths of 150 m The vehicle is operated from a surface console 
from which all control signals, telemetry and power supplies are passed to the vehicle via a 
120 m umbilical cable that is neutrally buoyant A schematic of the ROV hardware 
configuration is shown in Figure 2 2. 
The ROV is fitted with an Osprey colour zoom camera (Kongsberg Simrad OEI366) with 
horizontal resolution of 450 TV lines, auto- and manual-focus, and auto-iris. The lens is 
water compensated with a focal length of 5.4-65 mm (capable of 12:1 magnification), such 
that the diagonal angle of view ranges from 55° (minimum zoom) to 5 3** (maximum 
zoom) The camera is mounted on a motorised tilt actuator controlled from the console, 
permitting observation ±90** from horizontal Illumination is provided by two 150 watt 
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tungsten-halogen lamps, one of which is mounted on the ROV hull to point forward and 
the other on the motorised tilt actuator to illuminate the field of view 
240VAC-
240V AC-
Monitor 
video 
recorder 
y 
video 
overlav 
Console 
power 
transformer 110 VDC 
laser 
power 12 VDC 
Figure 2 2: Schematic diagram of the hardware configuration for deployment of the 
ROV The arrowheads indicate the directions of information transfer 
The video signal is returned to the surface via a co-axial cable within the umbilical and is 
passed through a video overlay system before being displayed on a monitor The Pisces 
Video Plus II video overlay (Pisces Design, San Diego, California) is a programmable unit 
that allows up to 25 rows of information to be displayed over the video image The first 
two rows at the top of the screen display the ROV compass orientation to assist the pilot 
with navigation The ROV position information, which is derived fi-om the Sonardyne 
International underwater acoustic positioning system (Section 2.5), is displayed with the 
date and time on a single row below the ROV orientation information The overlaid 
information is recorded with the video signal onto VHS videotape to provide a unique 
reference for images during subsequent analysis 
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The pilot uses the compass orientation displayed on the video images to manoeuvre the 
ROV using a combination of longitudinal, lateral and vertical propellers that are controlled 
by two joysticks on the console. The longitudinal propellers generate a maximum forward 
velocity of 2.5 knots. The payload of the ROV is limited to 6 kg. 
The ROV was deployed from RV Catfish (University of Plymouth) and RV Tamaris 
(Plymouth Marine Laboratory) in Plymouth Sound and from RV Soel Mara (Dunstaffiiage 
Marine Laboratory) in Loch Creran. Each of these research vessels is equipped v^th 
generators that supply 240 VAC required by the Phantom and associated hardware. The 
vessels were at anchor whilst the vehicle was deployed, so that vessel movement did not 
affect navigation of the vehicle. The maximum depth encountered at either of the study 
locations was 40 m and tidal currents did not exceed I knot. Consequently, the umbilical 
length of 120 m allowed the maximum extent of ROV deployment to reach approximately 
80 m radius from the anchored vessel. 
2,1.2 Image-grabbing software 
Laboratory analysis and application of scale to the video images collected from ROV 
deployments (Section 2.3) requires still images to be collected from the videotape. The 
video player may be linked to a personal computer, via PCimage-SC hardware, which is 
equipped with MVPilot frame grabbing software (MATRIX Vision GmbH, Oppenweiler, 
Germany) to display the video image on the computer monitor. The software converts the 
video signal into a still image, which may be saved as a standard bitmap file, on the 
command of the operator. 
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2.2 QUANTITATIVE UNDERWATER OBSERVATIONS 
The main problem with underwater photography is that the size of features and areas of 
seabed contained within a single image are unknown. For example, an object that fills half 
an image may be either a small object observed from close-up or a large object observed 
from a large distance. Quantification of scale within images collected for scientific 
investigation provides: 
a) assistance with identification of features contained within an image, 
b) quantification of the area of seabed contained within an image (i.e. absolute 
field of view) which allows sample unit size to be defined, and 
c) measurement of the minimum size of objects contained within an image. 
Consequently, quantification of image scale is required i f data from different images 
and/or different camera systems are to be compared. 
Although a number of camera deployment methods exist (Chapter I ) , the absolute field of 
view is a function of camera-object distance, the orientation o f the camera with respect to 
the subject (i.e. camera inclination angle) and the acceptance angle of the lens (i.e. camera 
zoom) (Wakefield and Genin, 1987). The values of these parameters may be maintained 
when the camera frame is deployed in contact with the seabed, but are unknown and 
variable when the camera frame is not in contact with the seabed. The methods of 
quantifying image scale will be discussed for the situation in which the camera is deployed 
on a frame in contact with the seabed (Section 2.2.1) and when the camera frame is not in 
contact with the seabed (Section 2.2.2). A description of the novel approach, developed 
during the course o f this project, to apply scale to images collected from ROVs, where the 
parameters that describe camera orientation are variable and unknown will be presented in 
section 2.4. 
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2.2.1 Platforms in contact with the seabed 
The majority of underwater camera systems consist of a camera attached to a frame that is 
deployed in contact with the seabed. In this configuration, the operator must assume that 
camera-object distance and camera inclination are maintained in the same arrangement as 
set on the surface. Since the cameras are focussed to the relevant camera-object distance, 
the acceptance angle of the lens is constant within each deployment. An indication of scale 
may be obtained by referring to an object of known size that has been positioned in the 
field of view. Alternatively, scale may be calculated using known values of the camera-
object distance, the camera inclination angle and the acceptance angle of the lens 
(Wakefield and Genin, 1987). 
2.2. y. 7 Objects of known dimensions in the Field of View 
The scale within diver-deployed and drop-camera systems is often estimated by placing an 
object of known size, such as a quadrat (Lundaiv, 1971), drop-camera trigger 
switch/weight (Armstrong et al., 1992) or a compass (Piepenberg and Schmid, 1997) in the 
field of view. Although objects have been positioned in relation to cameras mounted 
perpendicular (Gutt and Ekau, 1996) and oblique to the seabed (Lampitt and Bumham, 
1983), the scale can be estimated for the whole image only when the camera is 
perpendicular to the seabed. Since scale within images collected by obliquely mounted 
camera changes from the bottom to the top due to perspective, scale within perspective 
images may be estimated only near the reference object. A second disadvantage of placing 
reference objects in the field of view arises from variation in scale from the centre to the 
outside of an image, which can be resolved only i f the acceptance angle of the lens is 
known. However, the change in scale associated with the acceptance angle is standardised 
in fixed-frame camera systems; constant camera-object distance requires a fixed focal 
length lens, and hence, fixed acceptance angle. 
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The problem of variable scale associated with perspective images and the acceptance angle 
of the lens may be addressed using empirical calculations that were applied during large 
scale mapping of Canada's Laurentian Plateau using oblique aerial photography (Crone, 
1963) and will be addressed in the following section. 
2.2.1.2 Calibration images and empirical calculations 
Mounting the camera at an oblique inclination angle increases the area of seabed contained 
within an image but introduces a change in scale from the bottom to the top of the image 
i.e. perspective. However, perspective images are particularly usefial in association with 
frame-mounted cameras because the camera observes areas of seabed that have not been 
directly impacted by the frame itself (Hughes and Atkinson, 1997). 
The change in scale across perspective images may be calculated empirically using known 
values of camera-object distance, camera inclination angle (measured between the seabed 
and the optical axis) and acceptance angle of the lens (Wakefield and Genin, 1987). In 
practice, perspective grids are obtained usually by placing a square grid of known 
dimensions in the field of view on the surface. An image may be collected in which the 
square grid appears as a trapezium and the position of the grid nodes may be recorded and 
overiaid on all other images collected (Grassle et al., 1975; Uzmann et al., 1977; Rice et 
al., 1979; Smith and Hamilton, 1983; Harrold et al., 1998). 
The use of calibration images and empirical calculations to quantify scale within 
perspective images assumes that: 
a) the seabed is flat and lies in the same horizontal plane as the base of the frame, and 
b) the camera orientation is maintained in the same arrangement as set on the surface. 
However, subtle differences in image scale will occur because the seabed is seldom flat 
and camera frames are liable to sink into sofl sediments (e.g. Bergstedt and Anderson, 
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1990). Camera sledges often lose contact with the seabed as they are towed (Lauerman et 
al., 1996), which results in variable camera orientation. Consequently, empirical 
calculations and calibration images cannot be applied to images collected when the sledge 
loses contact with the sediment. Switch mechanisms that are activated on contact with the 
seabed may be attached to sledges (Rice et al., 1979) whereby photographs can only be 
collected when the sledge rests on the sediment. However, the use of video cameras and 
camera platforms that do not maintain contact with the seabed required the development of 
alternative methods to apply scale to images. 
2.2.2 Platforms NOT in contact with the substratum 
Manned submersibles, remotely operated vehicles (ROV) and autonomous underwater 
vehicles (AUV) are all designed to make underwater observations where contact with the 
seabed is to be avoided. The cameras are mounted obliquely to observe the seabed in front 
of the vehicle, as their primary role on manned submersibles and ROVs is to assist the pilot 
with navigation of the vehicle. In addition, variable zoom cameras are employed generally 
to observe features in detail because camera-object distance fluctuates as the vehicle 
progresses. Consequently, quantification of scale within images collected from cameras 
mounted on submersibles, ROVs and AUVs is complicated by variation in camera-object 
distance, perspective and zoom. 
Although submersibles may be flown in contact with the substratum to maintain camera 
orientation in a similar manner to frame-mounted cameras (Grassle et al., 1975), this 
defeats their purpose. Early attempts to apply scale to oblique images involved estimating 
feature dimensions as they passed underneath a scale bar (Caddy, 1973), or through 
attached quadrats (Ellis and Heim, 1985) that were positioned in the field of view. 
Positioning scale bars in images from submersibles and ROVs was limited to perpendicular 
camera inclination angles as discussed earlier, and also gave parallax problems because the 
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distance between the scale bar and the seabed fluctuated with the position of the 
submersible. However, the effects of parallax between the scale bar and the seabed could 
be accommodated by the introduction of structured lighting systems. 
2.2.3 Structured lighting systems 
A structured lighting system uses two or more laser diode modules that project focussed 
beams, which form spots when they fall on a solid surface. The simplest structured 
lighting system comprises a single pair of parallel lasers that project two spots of known 
distance apart, which is maintained independently of the camera-object distance. Camera-
object distance of a fixed acceptance angle camera may be calculated from the laser spot 
separation in an image, but the change in scale caused by variable zoom must be resolved 
with the addition of a third laser to indicate camera-object distance. A single pair of 
parallel lasers is analogous to placing an object of known dimensions in the field of view 
(e.g. MacDonald, et al., 1989; Tusting, et al., 1989; Davis and Pilskain, 1992) and the 
effects of oblique camera inclination angles remain. 
Structured lighting systems using four parallel lasers, which project a square of known 
dimensions onto the seabed, were developed to indicate camera inclination angle. The 
projected square appeared as a trapezium in the image when camera inclination angle 
deviated from perpendicular. The remote images were analysed only i f the projected 
square was not badly skewed; the distance between the top and bottom pair of laser spots 
being less than 10% of the distance between the bottom pair of laser spots (Grassle et al., 
1975; Thrush et al., 1998). Although the pattern projected by four parallel lasers ensured 
that variation in image scale due to perspective were minimised, image scale may be 
calculated by analysis of the projected pattern itself 
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A structured lighting array was developed during the course of the present project to enable 
all images collected from the Phantom ROV camera to be scaled, and objects within the 
images to be measured. The pattern of laser spots projected by the structured lighting array 
is analysed in the Benthic Imager software, which calculates camera inclination angle and 
camera-object distance; thus scale across entire perspective images may be calculated. 
The software accommodates the unknown fields of view and inclination angles associated 
with camera zoom and tilt facilities and the variable camera-object distances experienced 
as remotely operated vehicles manoeuvre above a non-horizontal seabed. The remotely 
operated vehicle, structured lighting array and Benthic Imager software package have been 
combined to form the Automated Benlhic Image Scaling System (ABISS). 
42 
2.3 AUT0N4ATED BENTHIC IMAGE SCALING SYSTEM (ABISS) 
The Automated Benthic Image Scaling System (ABISS) was conceived by Dr D.A. 
Pilgrim at the University of Plymouth and has been developed into an operational tool 
during the present project. The ABISS comprises a remotely operated vehicle and camera, 
a structured lighting array of five diode lasers mounted around the camera housing, and a 
software package, Benthic Imager, which analyses the laser spot pattern to calculate real 
scale in images. The structured lighting hardware has been developed so that it is 
sufficiently robust for field deployment, and the laser alignment protocol has been 
designed and tested thoroughly during the present project. Improvements to the Benthic 
Imager software package were implemented as the hardware advanced by Dr D.A. Pilgrim. 
2.3.1 Structured lighting array 
The structured lighting array comprises four laser diodes that must be aligned parallel to 
the camera optical axis, and hence each other, to project the comers of a square when the 
camera is perpendicular to the substratum in both horizontal and vertical planes. A fifth 
laser is aligned at an angle to, but in the same plane as, the bottom pair of lasers. The fifth 
laser projects a spot whose position relative to the bottom laser spots is used to calculate 
camera-object distance (Fig. 2.3). 
The laser array mounting is constructed from a block of ABS plastic that has been 
designed to allow the alignment of individual laser modules. Each laser module fits into an 
ABS collar that behaves as a universal ball joint when positioned within the barrel of the 
mounting bracket. Alignment and locking of the position of each module is achieved by 
adjustment of horizontal and vertical screws located either side of the universal joint. 
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Lamp 
ROV hull 
Laser diode adjustment screw 
Structured lighting mounting 
Camera faceplate 
Laser diode module 
Ranging laser 
Figure 2.3: The structured lighting array mounted on the camera of the Phantom XTL. 
The laser diodes, powered by a 5 VDC supply, emit red light (633 nm wavelength) that is 
focussed to a circular beam by a plastic lens (Imatronic LDMP 115/633/1) The laser 
diodes are modified for underwater use by sealing them in acrylic tubes that are joined to 
the umbilical through an underwater connector 
2.3.2 Structured lighting trigonometry 
The four parallel laser modules project spots in a square of known, fixed dimensions only 
when the camera is perpendicular to the plane of the substratum in both horizontal and 
vertical planes As the inclination angle ( ^ , measured between the substratum and the 
camera optical axis, deviates from perpendicular (i e ^ = 90**), the pattern of spots changes 
in a predictable manner Although the parallel spots are actually projected as a rectangle 
onto the substratum when viewed from above, they appear as a trapezium in the resulting 
image (Fig. 2.4). 
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Figure 2.4: Schematic of the behaviour of the parallel laser spot pattern as the camera 
inclination angle changes from perpendicular to oblique with respect to the plane 
of t h e s u b s t r a t u m 
Figure 2 5 shows the geometry and the pattern of projected laser spots of a particular 
camera orientation, from which camera inclination angle and camera-object distance may 
be calculated using standard trigonometrical equations The four laser diodes (originating 
from L,!.:, and L i j j j ) are aligned parallel to, and at a known separation from, each other 
and the optical axis of the camera (CP), while the fifth laser {L^f) is aligned at a known 
angle in the plane of L(3.4). 
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Figure 2 5: Schematic diagram for derivation of Camera inclination angle and 
camera-object distance measured along the optical axis (CP) See text for 
explanation of remaining symbols 
The perspective ratio (^ (/) of any image is defined as: 
Perspective Ratio, ^  = 11 = ^ 1 Equation 1 
where V i and V 2 are the horizontal distances, measured in pixels from the image, between 
spots s,i) and S(2) and spots S(3) and S(4), respectively, V 3 and V4 are the vertical distances 
between the intersection of the lines joining the diagonally opposite laser spots S ( i ) to S(4) 
and the horizontal lines joining spots S( i ) and S(2) and S(3) and S(4), respectively (Fig. 2.5). 
Since triangles Cps,iand CXS(i_:t are similar 
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Consequently, the virtual distance between the camera faceplate and the principal point of 
the image (Cp) may be expressed as: 
Cp = if/[Cp + Xp) = /<3,4,5)'^(3.4,5) Equation 2 
The angle at which the fifth laser is aligned is calibrated prior to each deployment (Section 
2.3.4), so that the position of the fifth laser in relation to spots three and four may be used 
to calculate the distance between the bottom edge of the parallel laser box and the camera, 
Rearranging equation 2: 
y/.Xp = Cp-\i/,Cp 
and ii/,Xp = Cp{}-\f/) 
Therefore, Xp = ^^^'"^^ Equation 3 
where the perspective ratio {y/) and Cp are derived from equations I and 2. 
Since Pp = ^ 
Cpi)-j^ Equation 4 
2.V/ 
Therefore, calculation o f the camera inclination angle ( ^ from triangle PpSpjjj may be 
expressed as follows: 
Camera inclination angle, ^  = tan i Equation 5 
Camera-object distance measured along the optical axis (CP) is calculated using Equations 
2 and 4, whereby: 
CP = Cp + Pp Equation 6 
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The camera inclination angle {(fi) and camera-object distance along the optical axis {Cp) 
have been derived using Equations 5 and 6. Therefore, the geometry of the camera 
orientation may be derived from triangle CRP (Fig. 2.5) as follows: 
Perpendicular camera height, alt CR = CP.sin^ 
Horizontal distance to principal point, PR = CP.cosip 
Having calculated camera-object distance and inclination angle, quantification of absolute 
scale within images is a repetitive process of converting 'image distances' that are 
measured in pixels into absolute distances. Figure 2.6 represents a side elevation of the 
camera orientation of a perspective image; RA represents the plane of the substratum and 
the camera faceplate is at a point C, thus the field of view in the vertical plane corresponds 
to ACB. The image plane is represented by A'B' (within the camera), but may also be 
represented by Bd (as triangles BCd and A 'CB' are similar) to assist with trigonometrical 
calculations. The actxial position of the lasers that mark the top and bottom of the parallel 
laser box are represented by Lp^) and L(i4), projecting spots onto the substratum at Sfuj 
and S(3,4), which appear in the image plane at points S f i j ) and S(3.4) respectively. Similarly, 
the optical axis of the camera is denoted by PP' such that the centre of the image lies at 
point p, the principal point. 
The common parameter between an absolute distance, PY, on the seabed and an 'image 
distance' (py) is the common angle a in triangles PCY and pCy (Fig. 2.6). It is apparent 
that: 
a = tan * py 
Cp 
where py is the image distance measured in pixels and Cp is a virtual distance (also 
measured in pixels), which is calculated from Equation 1. Therefore, in triangle RCY: 
I ^/ \ {RP-^PY\ 
tan 
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and thus 
FY = (x!m[t+^/^-^\^aIt)-RP 
where ^ is the camera inclination angle, alt is the altitude of the camera above the 
substratum and RP is the horizontal distance between the principal point and the point from 
which camera altitude is measured 
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Figure 2.6: Schematic diagram of the geometry required to calculate the absolute scale 
contained within the vertical axis of a perspective image. See text for full explanation. 
A similar procedure may be applied to scale the horizontal axis of a perspective image 
Hence, quantification of scale across the whole of an image is achieved by multiple 
repetions of these processes, which has been automated by the development of Benthic 
Imager software 
49 
2.3.3 Renthic Imager software 
2.3.3. J Image scaling and measurement 
The Benthic Imager software was written by Dr D A Pilgrim using Microsoft* Visual 
Basic 6.0, so that it is compatible with the Microsoft* Windows format The software 
displays still images that have been collected fi^om the videotape using MlTiiot fi-ame-
grabbing software (Section 2.1.2), and the five laser spots are located manually using the 
cursor to provide the co-ordinates S f i f to (Fig 2 5) The program uses the 
trigonometrical equations described in section 2.2 to calculate the camera inclination angle, 
camera-object distance, total area of seabed in the image and the real dimensions 
represented by the image margins, which are displayed around the image (Fig 2.7). 
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green and blue , 
at cursor pixel 
Real distance along 
top of image 
Pixel 
co-ordinates 
Ejecta mound 
measurement 
window 
Red, green, 
blue, greyscale 
and colour 
bands 
Calculated area of 
seabed in image 
Real distance along 
base of image 
'Virtual quadrat' 
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details 
Figure 2.7: Benthic Imager screenshot showing the 5-spot laser pattern around a 
burrow of the angular crab, Goneplax rhomboides The camera orientation and 
measurement of the ejecta mound are shown in a separate window on the screen The 
seabed image has been overlaid with a 20 x 20 cm square quadrat that has been 
corrected to account for perspective Appendix IV contains a fi i l l page reproduction 
of the screenshot. 
It is not possible to extract data from the entire image because the video overlay has been 
programmed to display the navigation and time telemetry at the top of the image, which 
obscures this portion of each image. The top of the screen was chosen because camera-
object distance increases towards the top of a perspective image, which causes greater 
changes in scale and blurring of underwater images. Consequently, the navigation 
telemetry could be included to uniquely identify images without reducing the amoimt of 
useful data that could be extracted from each image. 
Quantitative benthic investigations require that the data be extracted from samples of the 
same size. When the total area of seabed contained within an image exceeds the area of 
each sample, quadrats of known size that have been corrected for perspective may be 
overlaid within the images. Square or circular quadrats are projected as trapezoid or ovoid 
'virtual quadrats' respectively (Fig. 2.7). I f the total area contained within each image is 
less than the required sample area, a series of contiguous images may be collected to 
achieve a standard sample area. Since the video overlay information obscures a section of 
the video image, Benthic Imager software will calculate the real area of unobscured seabed 
(or the area of features, such as scallop shells or burrow openings) that has been defined by 
manually locating area boundaries. The area calculation routine allows the area of seabed 
that is obscured by the video overlay information to be subtracted from the total image area 
when aggregating a series of contiguous images to form a sample of standard size. 
In addition to calculating absolute area within images, the dimensions or distances between 
features, such as burrow openings and mounds, may be measured from the images by 
identifying the start and end of each feature with the cursor. This procedure was used to 
obtain size distribution data for large bivalve siphon openings that will be presented in 
Chapter 6. 
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2.3.3.2 Image resolution 
Image resolution refers to the ability to distinguish between two objects in photographic 
and video images that are in close proximity in the object scene. Absolute resolution is 
particularly important in the application of remote observation in benlhic ecological 
investigations as it provides an estimate of the minimum size of an object or organism that 
may be identified in the survey. Therefore, quantification of image resolution is required i f 
data from different surveys are to be compared. Image resolution is analogous to the sieve 
mesh sizes that define macro- and meiofaunal studies. 
Benthic Imager measures image resolution in terms of the 'pixel footprint', which 
represents the size of a single pixel in the real world. The pixel footprint of a satellite 
image may be measured in hundreds or thousands of metres, but the underwater image 
footprint scale is measured in millimetres. Since the dimensions of the image footprint 
will increase from the bottom to the top of a perspective image, Benthic Imager displays 
the pixel footprint as measured at the principal point, top comer (maximum size) and 
bottom centre (minimum size) of each image. 
2.3.3.3 Image enhancement 
Colour video cameras compose an image as a combination of red, green and blue light 
intensity (Chapter 1). Since the intensity of each band ranges from 0 to 255, still images 
may be enhanced by manipulating the intensity values of each pixel. A variety of image 
enhancement filters that have been incorporated from Inventions Software image 
enhancement libraries are available within Benthic Imager software. 
Although the intensity of the red, green and blue channels is displayed for the cursor pixel 
at the top right of the still image (Fig. 2.7), the intensity of pixels in the entire image are 
represented by the image histogram. The light intensity axis of the image histogram ranges 
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between 0 and 255, yet the frequency histogram of underwater images often occupies only 
a small proportion of the full range. A histogram stretch routine improves the contrast in 
an image by reallocating the pixel intensity so that the frequency histogram covers the 
maximum range. Spatial filtering routines may also be applied to enhance or suppress 
features within an image. *Low pass filters' emphasise larger homogeneous areas of 
similar intensity in an image which reduces the detail, and hence noise, while 'high pass 
filters' increase detail by emphasising small areas where the difference in pixel intensity is 
high. 
Although image enhancement techniques improved the quality of video images, they did 
not affect extraction of abundance data presented in this thesis, as the contrast between 
burrow openings and surface sediment was sufficient for discrimination of individual 
features from the unprocessed images. 
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23.4 Automated Benthic Image Scaling System (ABISS) calibration 
The ABISS must be calibrated in the laboratory prior to deployment in the field. The 
following adjustments are required: 
a) Laser alignment: the ABISS system depends on the parallel alignment of the four 
main lasers, with the fif th laser aligned at an angle to these for calculation of 
camera-object distance. The Benthic Imager software must be calibrated using the 
dimensions of the square that is projected by the four parallel lasers i.e. 'box size' 
and the angle of the fifth laser. Consequently, the laser alignment procedure must 
be performed prior to each deployment of the ROV, 
b) Camera backset correction: the geometry associated with calculation of camera 
orientation using a structured lighting array assumes that light converges at the 
camera faceplate (point C in Figs 2.5 and 2.6). The convergent point actually 
occurs within the camera, so a small 'camera backset correction' is required to 
account for the distance between the camera faceplate and the point that the light 
converges. Calibration of the camera backset correction is only required for each 
camera that may be used in conjunction with the ABISS. 
2.3.4. J Laser alignment 
The ABISS system depends on the parallel alignment of the four main lasers in relation to 
each other and to the optical axis of the camera (Figs 2.5 and 2.6). This ensures that the 
comers of a square of known dimensions are projected onto a flat surface that is 
perpendicular to the camera optical axis. The dimensions of the projected square are called 
the 'box size', which is recorded for calibration of Benthic Imager software. The fifth 
laser is aligned at an angle to, but in the same horizontal plane as lasers three and four for 
calculation of camera-object distance (Fig. 2.5). Laser alignment must be performed 
under water, as there may be significant refraction at the air-acrylic-water interfaces of the 
laser modules. 
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To calibrate the lasers, the ROV is secured to the bottom end of a large laboratory tank, 
such that the ROV hull is parallel to the water surface in both longitudinal and lateral axes 
(Fig 2 8 A) A target marked with the comers of a square corresponding to the box size is 
positioned at the other end of the tank so that 
a) the top of the target is parallel to the water surface, and 
b) the centre of the target and the pivot point of the camera tilt mechanism are at the 
same depth (d) below the water surface. 
The camera tilt is adjusted until the centre of the target coincides with the centre of the 
video image (Fig 2 8 B), which ensures that the target is perpendicular to the optical axis 
( ( T i n Figs 2 5 and 2 6) 
2.5 metres 
water surface 
laser beams 
Figure 2.8.A: Laser alignment setup. The ROV is fixed to the base of the tank when 
the longitudinal and lateral axes of the ROV hull are parallel to the water surface The 
laser alignment target is positioned so that the centre of the target and the pivot of the 
camera tilt mechanism are at the same depth, d 
8cm 
target 
Figure 2 8 B: Schematic of the monitor screen 
during laser alignment The centre of the target is 
aligned with the centre of the screen, and the target 
is parallel to the water surface The four lasers that 
tbrni the laser box may then be adjusted until the 
projected spots coincide with the relevant marks on 
the target. 
monitor screen 
The four laser modules are adjusted and locked into position so that the spots that they 
project correspond with the relevant marks on the target The four main lasers may now be 
considered to be parallel over the alignment range because the laser beams project the 
of a square of the same dimensions as the camera-mounted diode array The corners 
minimum dimensions of the laser box must be sufficient for all the laser spots to be visible 
in images collected at small camera-object distances, while maximising the box size will 
increase the accuracy of the calculations for images collected at larger camera-object 
distances. In practice, the box size on the Phantom ROV was limited to an 8 cm square 
due to the proximity of the camera mechanism and the ROV hull (Fig. 2.3). However, an 8 
cm box size was appropriate for the turbid waters of Plymouth Sound and Loch Creran 
because the seabed became blurred in video images as camera-object distance increased 
before box size effects were detected. Larger box sizes may be required to maintain the 
accuracy of calculations for images collected in less turbid water where greater camera-
object distances, and hence area of seabed contained within each image, may be achieved. 
The calibration procedure for Benthic Imager software accommodates different box size 
dimensions. 
Once the parallel lasers have been aligned, the fifth laser must be aligned at an angle to, 
but in the same plane as the bottom pair of lasers. As a result, the fifth spot moves towards 
the left side of the video image as camera-object distance increases, and vice versa. 
Alignment of the fifth laser may be modified for each deployment so that the fifth spot will 
appear as close to the left side of the video image as possible at maximum camera-object 
distance. The angle of the fifth laser beam must be calibrated so that the position of the 
fifth laser in relation to the bottom pair of laser spots may be used to calculate camera-
object distance. 
The fifth laser is calibrated by deriving an equation for the beam angle. This is achieved 
by measuring the range and 'laser offset value', which is the real distance between spots 
three and five, at three locations in front of the camera. The third laser beam is defined as 
the origin for calibration of the fifth laser beam, so that a positive laser offset value 
indicates that the fifth laser lies to the left of the third laser spot, and vice versa (Fig. 2.9). 
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Although any three combinations of range and laser offset values would be sufficient, the 
angle of the fifth laser is described by measuring these parameters at the camera faceplate 
and when the projected spot is coincident with the spots projected by lasers three and four 
(Fig 2 9) 
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Figure 2 9: Plan view of the laser array indicating the parameters required to calibrate 
the camera-object distance calculations in Henthic Imager software The distance 
between lasers three and four, A,.?, and L^4). equals 8cm The angle of the fifth laser, 
A,.s;, is calibrated by measuring the range and offset values at the camera faceplate, and 
the positions where the fifth laser spot is coincident with spots 3 and 4 (Ro, Ri and R2) 
respectively 
The fifth laser calibration values and box size must be entered into the Benthic Imager 
calibration sequence prior to analysis of the images Benthic Imager software calculates 
the distance (measured in pixels) between spots three and four in the image, which 
corresponds to the box size (measured in centimetres) The pixel co-ordinates of the fifth 
laser spot may be used to calculate the laser offset value (also measured in centimetres). 
Consequently, the range (equivalent to LfSj.sAsj.s) and Cp in Fig. 2.5) may be derived 
using the equation that describes the angle of the fifth laser beam 
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2 J. 4.2 Camera backset correction 
The geometry associated with scaling perspective images implies that all observations 
converge at the camera faceplate (point C in Figs 2.5 and 2.6). In reality, this imaginary 
convergent point is located at some distance behind the camera faceplate within the camera 
itself Therefore, a small correction is required to account for the distance between the 
camera faceplate and the convergent point i.e. the 'camera backset correction'. The 
appropriate camera backset correction was found by collecting images of a calibration 
board, marked with 10 x 10 cm black and white squares, using a variety of camera-object 
distances and inclination angles. Scale within each image was calculated by entering the 
pixel co-ordinates of each laser spot directly into Benthic Imager, rather than locating the 
spots manually. Each image was re-scaled using camera backset corrections that ranged 
from +12 to -12 cm. Direct input of pixel co-ordinates ensured that variation in scale 
calculations was due to changes in camera backset correction rather than the ability to 
identify the spots manually. 
The change in scale caused by the camera backset correction was investigated by 
measuring the calibration squares in the vertical and horizontal image planes, using 
different camera backset correction values. The percentage errors of the Benthic Imager 
measurements were calculated and plotted against the camera backset correction (Fig. 
2.10). Horizontal measurement errors were found to be independent of backset correction 
providing an accuracy of ±2%, while a backset correction value of 2 cm produced the 
optimum accuracy of ±5% in the vertical image plane. 
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Figure 2 10 The effect of changing camera backset correction on the accuracy of 
measurements in Benthic Imager software Mean values ±95% confidence intervals 
N=15. 
2.3.5 Laser diode wavelength 
The laser diode modules used in the ABISS project red light spots (wavelength, A = 633 
nm) onto the seabed At first, red light may not appear to be the most appropriate 
wavelength for underwater applications because red light is attenuated selectively 
underwater in comparison to blue light (Pilgrim, 1998) Consequently, a blue-green laser 
could project a spot onto the seabed at greater distances than a red laser of the same power 
Red lasers were chosen in preference to blue-green lasers, however, because red spots were 
easier to see in the images, due to greater colour contrast between the red spots and the 
seabed 
2.4 U N D E R W A T E R A C O U S T I C P O S I T I O N I N G S Y S T E M 
There is a basic requirement for navigation of equipment deployed in the field to avoid 
obstacles, yet the ability to accurately navigate vehicles back to specific locations allows 
investigation of temporal change in, for example, epifaunal assemblages and sediment 
structures at the snouts of glaciers (Hamada et al., 1986; Dawber and Powell, 1995). 
However, the detection and description of patterns within a megafaunal assemblage 
involves the comparison of variation between quantitative estimates of abundance and 
biomass. Since the precision of estimates of mean abundance or biomass is affected by the 
total number of samples collected and variability between replicate samples (V^zina, 
1988) , the ability to detect pattern is a Ixmction of the sample grain, lag and extent (Wiens, 
1989) (Chapter 1). 
In a video deployment, a series of many individual images may be recovered from the 
videotape and, in theory at least, each is an independent sample of the benthos. Video 
surveys often substitute distance travelled and image area with time as a denominator for 
calculation of sample grain and lag (e.g Michalopoulos et al., 1992; Magorrian and 
Service, 1998). Species-time methods produce estimates of relative abundance that are 
highly dependent on the speed of the vehicle in relation to the substi-atum. Consequently, 
navigation of vehicles carrying video cameras greatly increases the value of these images 
because individual images may be spatially registered. 
2.4.1 Basic navigation techniques 
The Phantom ROV is equipped mth a flux-gate compass that indicates the orientation of 
the hull on the video overlay. The compass orientation may be used for basic navigation of 
the vehicle under quiescent hydrographic conditions, such as those experienced in Loch 
Creran. However, tidal currents can influence significantly the actual position of a vehicle 
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that is navigated on a constant compass heading Figure 2.11 represents the effect of an 
easteriv current on the location of a vehicle that is following a compass heading due north 
current direction 1 
Actual direction of travel / Actual direction of travel 
® ® 
A No current. 
Compass orientation = 0**. 
Compass orientation is 
actual direction of travel 
B Easterly current 
Compass orientation = 0®. 
Actual direction of travel = 45° 
The difference between compass orientation 
and actual direction of travel will increase 
with increasing current velocity 
Figure 2.11: Schematic plan view of the influence of current direction on vehicle 
navigation i f using the compass heading only. 
In the simplest form of ROV position fixing, a surface marker buoy may be attached to the 
vehicle and position may be calculated using either the range and bearing to the surface 
vessel or by attaching a GPS unit to the buoy itself (e g Veisze and Karpov, 2002). 
However, the accuracy and precision of position fixing in this way will decline as depth 
and currents increase because the surface buoy will not necessarily be directly above the 
vehicle. Vehicle position relative to a surface vessel may also be monitored by continuous 
echo-sounding (Dawber and Powell, 1997) to guide the vehicle to specific locations, such 
as the snouts of marine glaciers, to investigate temporal variation in processes (e.g. 
Hamada et al., 1986; Dawber and Powell, 1995; Gutt et al., 1996). The investigation of 
spatial variation in megafaunal assemblages requires the spatial reference data to be 
incorporated with the photographic or video images. 
2.4.2 Underwater acoustic positioning systems 
Underwater acoustic positioning systems consist of an array of acoustic beacons, at known 
fixed positions underwater, and a single acoustic beacon attached to the vehicle to be 
navigated. The time between transmission and reception of acoustic signals produced by 
the beacons is recorded, from which the distance between each beacon may be calculated 
as a ftmction of the speed of sound through water. Ultimately, the actual vehicle position 
is calculated by triangulation of distance from the beacons in the known anray. 
Underwater acoustic positioning systems were developed initially for the offshore oil and 
gas industry to position drilling rigs and bury pipelines on the correct route to land. 
Eventually, the technology became available on the commercial market, and early 
scientific applications included acoustically monitoring positioning of deep-sea sledges 
and submersibles with spatial resolutions of 5-10, m (Phillips et al., 1979). Acoustic 
positioning systems have been limited to deployment on large deep-sea vehicles, such as 
the ANGUS sledge (Phillips et al., 1979), which have sufficient payload capability to carry 
the large beacons required to detect the acoustic signals. Accurate acoustic positioning of 
vehicles in shallow water is more complicated than in deep water because of interference 
of the acoustic signal by reflection from the water surface as well as the seabed, while 
changes in salinity around estuaries affect the speed of sound through water. 
An underwater acoustic positioning system was developed for this project in collaboration 
v^th Sonardyne International Ltd., who have miniaturised the hardware for deployment on 
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smaller underwater vehicles. The use of an acoustic positioning system in shallow water is 
complicated by multiple reflections of the acoustic signal between the seabed and water 
surface and by salinity fluctuations which affect the velocity of the acoustic signal. 
However, advanced software has been designed to overcome the problems associated with 
shallow-water operations. Beacon arrays may be deployed in a variety of configurations, 
and these will be described and discussed in the following section. 
2.4.2.1 Long Base Line systems 
A long base line (LBL) acoustic positioning system may be sub-divided into two different 
elements. The first element consists of an array of acoustic transponder beacons moored in 
fixed locations on the seabed; the second element consists of an acoustic transducer and 
transceiver attached to the vehicle to be tracked (Fig. 2.12). The vehicle-mounted 
transducer emits a brief acoustic signal that is detected by the transponder beacons, 
prompting a imique acoustic signal in response. The vehicle-mounted transceiver records 
the time between transmission of the initial signal and receiving the response signal, and 
estimates the distance to each beacon based on the speed of sound through water. 
In theory, vehicle navigation may be achieved using two seabed transponders, although 
vehicle depth must be assumed and there may be ambiguity as to which side of the base 
line (a line drawn between the beacons) the vessel is positioned. Three transponder 
beacons allow unambiguous navigation in three dimensions, while four beacons introduce 
a degree of redundancy that may be used to check the navigation quality. 
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To surface support vessel 
MiniROVNav 
Transducer 
Seabed 
Transponder 
Beacon 
Figure 2.12: Schematic representation of a Sonardyne International Ltd long baseline 
seabed transponder beacon array A ftill description of the position calculation may be 
found in the text 
2.4.2.2 Short (SBL) and Ultra Short Baseline (USBL) sy.stems 
The typical separation between each seabed transponder beacon in a long base line array 
may be one kilometre. The same principles of position fixing may be applied to short and 
ultra short base line arrays Usually, short base line arrays are mounted on a vessel, such 
that transponder separation is as large as possible within the confines of the vessel itself 
(e g bow and stem) A single seabed acoustic beacon provides the origin from which 
vessel position may be calculated, while the short base line is used to calculate the position 
of deployed equipment The ultra short base line system is similar to the short base line. 
(.4 
except that the separate transponder beacons are built into a single transponder assembly 
(Fig 2 13) 
Short Base Line Ultra Short Base Line 
vessel-mounted 
transponder 
array 
USBL 
Transponder 
Assembly 
TSeabed Transponder Beacon 
Figure 2.13: Schematic representation of a short baseline (SBL) and ultra short 
baseline (USBL) acoustic positioning system. 
Seabed 
Transponder 
^ Beacon 
Long base line arrays offer two significant advantages over either short or ultra-short 
arrays, despite requiring more hardware deployment The large size of a long base line 
array allows position calculations to be much more accurate than are possible using short-
and ultra-short baseline arrays In addition, with long base line arrays, the tracked vessel is 
positioned directly within a fixed co-ordinate frame, while vessel movement affects the 
SBL and USBL co-ordinate frames 
2.4.3 PharoLite navigation system 
The PharosIMe underwater navigation system was designed and constructed by Sonardyne 
International Ltd for use in the offshore market During the course of the present project, 
the system was tested thoroughly under controlled conditions at the Sonardyne Sea Trials 
Centre in Plymouth The first field deployments of the PharosLite system resulted in 
navigation of the Phantom ROV along predefined survey lines in Plymouth Sound These 
surveys provided the data that constitute the investigation of spatial and temporal variation 
of a megafaunal assemblage in Plymouth Sound (Chapter 4). 
The PharosLite system uses a long base line acoustic transponder array, the position of 
which is calibrated with a Differential Global Positioning System (DGPS) receiver. Vessel 
navigation is managed through PharosLite software, which calculates the position of one 
or more tracked vehicles in Universal Transverse Mercator (UTM) units. The Universal 
Transverse Mercator is a projection in which the Earth's surface is separated into sixty 
zones each corresponding to 6° longitude; these are subdivided into north or south 
hemisphere, and extend from the equator to 80° latitude. Al l positions are expressed in a 
metric co-ordinate system that originates from the intersection between the equator and the 
centred meridian of each zone. The origin of each zone is given an Easting value of 
500,000 m to ensure that all co-ordinates are positive, while the Northing value is 0 m for 
working north of the equator and 10,000,000 m for zones south of the equator (Smith, 
1997). Accordingly, the majority of the United Kingdom lies in zone 30 North (Fig. 2.14). 
3°W 
80TM 
,0° longitude 
500,000mE j 
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5OO,O00mE 
10,000,OOOmN| 
Equator 
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i 
I 
Zone 31 
80°S 
G 2 
Figure 2.14: Schematic representation of the Universal Transverse Mercator projection 
zone that represents the survey locations in this thesis. 
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The MiniROl'Nav transceiver interrogates all the seabed transponder beacons, measuring 
the ranges to each beacon, to calculate vehicle position every three seconds The 
PharoslJte software uses an advanced Kalman filter, which is a series of complex 
equations that combine all available measurement data, plus prior knowledge about the 
array and measuring devices, to produce an estimate of position in such a manner that the 
error is minimised statistically (Maybeck, 1979) PharosLite converts the position 
calculations into a graphical representation of all vehicles and beacons in the array, along 
with range lines and the status of the range measurements being used, while the estimated 
position error is represented by an error ellipse surrounding the vehicle icon (Fig 2 15) 
Additional ROV compass information may also be included such that the vehicle 
orientation is incorporated in the display to assist with guidance of the vehicle 
L 419718 69 0 -19 73fn CMG 267 4 
T i M r a F * j g R i 2 0 i s HOW 
THifar^m i»no3 ROV 
Figure 2.15: Screenshot from the PharoslJte navigation display The real-time 
estimated position of the ROV is represented by the blue triangle, which rotates to 
indicate the real-time orientation to assist with navigation The survey 
configuration is displaved in the Chart Display' window on the right of the screen 
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Survey configurations may be constructed to allow real-time guidance along transects to 
arrive at certain waypoints or avoid known obstacles. Although all position data are stored 
as a Microsoft® Access™ database, the software also generates a data string containing 
time and position co-ordinates in real-time, which may be overlaid onto the video monitor 
and recorded onto the videotape. 
2.5 CONCLUSIONS 
The Automated Benthic Image Scaling System (ABISS) allows quantification of scale 
within remotely collected images, while the location fi-om which remote images were 
collected may be derived from the Sonardyne International underwater acoustic positioning 
system. These technological developments allow collection of quantitative images by 
remotely operated vehicles with greater spatial resolution than previously possible. The 
benchmark for quantification of megafaunal biotic features is direct observation by divers. 
Consequently, remotely collected data must be validated against data from direct diver 
observations before being used with confidence to extend biological surveys to greater 
depths and to wider applications than divers may achieve. In the following Chapter, the 
validity of remotely collected data was assessed by comparing estimates of megafaunal 
abundance and spatial distribution from fixed locations in Loch Creran and Jennycliff Bay 
derived from ROV and direct diver observations. 
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C H A P T E R 3 
Description of megafaunal assemblage 
survey sites 
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3.1. INTRODUCTION 
TTie Remotely operated vehicle (ROV) and diver observations of megafaunal assemblages 
reported in this thesis were carried out at two locations that support different megafaunal 
densities; Jennycliff Bay in Plymouth Sound on the south-west coast of England and Loch 
Creran on the west coast of Scotland (Fig. 3.1). 
T — g r 
Loch Creran 
Plymouth Sound 
•10 -6 -4 -2 
Longitude 
Figure 3.1: Map of the United Kingdom showing the location of sites for megafaunal 
assemblage investigations. 
3.2 JENNYCLIFF BAY, PLYMOUTH SOUND 
3.2.1 Physical characteristics 
Plymouth Sound is an enclosed and sheltered ria formed by the submergence of the River 
Tamar, which currently discharges into it from the west (Marine Biological Association, 
1957). A second tidal river, the River Plym, discharges into the Sound from the east (Fig. 
3.2). The Sound and its estuaries have been designated a Special Area of Conservation 
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(SAC) under the Habitats Directive (Council of the European Communities, 1992) due to 
the high diversity of habitats and communities in the area. Jennycliff Bay (50^*21.0' N , 
04*07.8' W) is located on the eastern side of Plymouth Sound, where water depth varies 
between 10-15 m below chart datum. The substratum in Jennycliff Bay has been 
described as a ''fairly extensive stretch of sandy mud" (Marine Biological Association, 
1957) and classified as apparently homogeneous muddy sand, using side-scan sonar 
(Moore et al., 1999). Mean spring and neap tide ranges are 4.7 and 2.2 m respectively 
(The Hydrographic Office, 1991). Tidal flow on the flood tide is north-north-westeriy and 
south-south-westerly on the ebb tide, with maximum spring tidal currents reaching 0.6 
knots (The Hydrographic Office, 2001). The water temperature, monitored at station L2 
(50*'19.8' N , 04'*10.2' W, Fig. 3.2), has a seasonal range from approximately 10-15 °C 
(Siddom et al., submitted). 
3.2.2 Biological characteristics 
The most abundant species collected by trawls and dredges in Jennycliff Bay are Phiiine 
sp., the netted dog whelk {Nassarius [=Hinia] reticulatus), the little cuttlefish (Sepiola 
atlantica) and the amphipod Gammarus locusta (Marine Biological Association, 1957). 
The macrofaunal assemblage, sampled by grabs and cores, is dominated by sedentary 
polychaete taxa such as cirratulids, maldanids and the highly abundant ampharetid Mellina 
palmata (Gibbs, 1969; Parry et al., 1999). The sediment within Jennycliff Bay is highly 
bioturbated and covered with mounds of sediment ejected from the burrows of 
thalassinidean shrimps (Kendall and Widdicombe, 1999), but trawling and dredging 
techniques used in the Plymouth Marine Fauna (Marine Biological Association, 1957) may 
not describe adequately the megafaunal assemblage. 
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Figure 3.2: Map of the Jennycliff Bay survey location within Plymouth Sound All 
remotely operated vehicle deployments were confined to the rectangle marked The 
enlarged map is displayed in Universal Transverse Mercator (UTM) projection units 
that are used by the Sonardyne International Ltd PharoslMe acoustic positioning 
system software (Chapter 2) Consequently, the axes scales are equivalent to 
kilometres 
Megafaunal-sized individuals have been collected using boxcores of O.I m .^ The most 
abundant megafaunal species collected include thalassinidean mud shrimps (Upogehia 
deltaura and Callianassa stihterranea), the angular crab Goneplax rhomhoides and several 
large infaunal bivalve species The razor shell (Phaxas pellucichis) is common in 
JennycIifT Bay, while the prickly cockle (AcafUhtKardia echmattim), common otter shell 
{l.utrana liitraria) and the blunt gaper (Mya arenaria) may be found commonly on similar 
sediment types inside and outside of the Sound (Marine Biological Association, 1957) 
3.2.3 Sediment resuspension 
Tidal currents may affect underwater observations by resuspending sediment that may 
obscure the seabed. In addition to resuspension of sediment, tidal currents may resuspend 
newly-settled megafaunal individuals, such as infaunal bivalves (Norkko et al., 2001), 
which may influence the spatial distribution of adults. The dynamics of cohesive 
sediments may be described by the bed shear stress (Xc) which measures the force required 
to erode particles from the seabed, and by current shear stress (xo) which measures the 
force exerted by water currents on the seabed. Hence, sediment resuspension occurs only 
when current shear stress exceeds bed shear stress. 
Current shear stress (xo) is a function of water density, current speed and may be expressed 
as follows: 
XQ = p^ X C D X (u) Equation 1 
where p is water density (kg.m""*), C D is drag coefficient and ^u^ is the depth mean 
averaged water current (m.s"') (Soulsby, 1997). 
3.2.3.] Drag coefficient, CD 
The drag coefficient (CD) measures the friction generated as the water current passes over 
the seabed and is defined as follows: 
C D = 2- — Equation 2 
ln[30h/ - i ] 
where k is the Von Karman constant (-0.4), h is the water depth (m) and zo is the bed 
roughness (m) (Dyer, 1986). 
The bed roughness parameter (zo) is a function of the sediment granulometry at a site and 
may be defined, for a flat substratum, as follows: 
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Bed roughness, ZQ = 
median sediment grain diameter 
15 
Equation 3 
(Dyer, 1986) 
The median diameter of sediment grains in JennyclifF Bay was 3.87 ±0.1 l<l>w (Parry et al., 
1999), which corresponds to a median diameter of approximately 0.062-0.088 mm 
(Buchanan, 1984). Therefore, the maximum and minimum values of drag coefficient 
associated with JennyclifF Bay sediment may be calculated as follows: 
Maximum bed roughness = ^'^^^^^^^— = 5.9 x 10"^ m Equation 4 
Minimum bed roughness = 
0.062x10" 
15 
= 4 .1x l0"^m Equations 
The water depth in JennyclifF Bay varies between 10-15 m below chart datum, so 
maximum and minimum values of drag coefficient may be derived by substituting the 
result of Equations 4 and 5 into Equation 2 as follows: 
Maximum C Q = 2 
0.4' 
In 
30x10 
5,9x10-^ 
- 1 
J / 
0 4*^  -x 
Maximum C D = 2 ^ - r - = 1.01 x 10""' 
17.72 
Equation 6 
Similarly, Minimum Cp = 2 
0.4-
In 
30x15 
4.1x10" 
-1 
J / 
Minimum C D = 2 - ^ = 0.93x10"^ 
18.5-
Equation 7 
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3.2.3.2 Depth mean average water current ((u^) 
The depth mean averaged water current, ^u^, may be estimated using: 
(u^ = surface water velocity x 0.934 Equation 8 
(Soulsby, 1997) 
In Jennycliff Bay, maximum tidal current reaches 0.6 knots between 4-5 hours after high 
spring tides (The Hydrographic Office, 1991). Using the conversion of 1 knot = 0.514 
m.s-' 
Maximum surface current = 0.514x0.6 = 0.31 m.s ^ 
Therefore, the maximum depth mean averaged tidal current, ^u^is found as follows: 
Maximum ^u^ = 0.31 x 0.934 = 0.29 m.s"^ Equation 9 
3.2.3.3 Current shear stress (TQ) 
In Jennycliff Bay, the maximum shear stress exerted by the current will occur when 
maximum depth average current flows in areas where maximum drag coefficient occurs 
(i.e. shallowest water). The value of maximum current shear stress (xo) may be calculated 
by substituting the results from Equations 6 and 9 into Equation 1 using a standard 
seawater density, pw= 1033 kg.m"^. Hence: 
Maximum current shear stress, TQ = 1033 x (l .01 x IO""* x 0.29^ 
Maximum current shear stress, TQ = 0.088 kg.m"^ .s~^ Equation 10 
3.2.3.4 Bed shear stress (x^ 
The bed shear stress (xe) measures the forces required to erode particles from the sediment 
surface and varies for different types of substratum. The reference bed shear stress (Xe) for 
tidally-deposited coastal and estuarine mud is O. l - I kg.m'^.s"^ (Paterson and Black, 1999), 
75 
which exceeds the maximum current shear stress in JenncylifF Bay (Equation 10). 
Therefore, in JennyclifT Bay, sediment resuspension due to water currents is negligible. 
The reference bed shear stress was calculated for a flat mud substratum, but the presence of 
burrow openings and mounds increases the complexity of sediment topography, which 
influences the bed roughness (zo). For topographically complex substrata, bed roughness 
may be defined as: 
Z | = — - — Equation 11 
(Lettau, 1969) 
where H is the height (m), S is the cross-sectional area (m^) and ^ is the horizontal area 
(m^) of mounds. In the North Sea, the presence of CalUanassa subterranea mounds 
provides bed roughness values of 0.0079 m (Rowden et al., 1998), which would increase 
greatly the maximum drag coefficient (CD) (Equation 6) compared to a flat substratum. 
Therefore, the current shear stress is greater in the presence of mounds than that of a 
current of the same velocity flowing over a flat substratum. Hence, ciurent shear stress in 
the presence of biogenic mounds may exceed the bed shear stress, thereby inducing 
sediment resuspension. In JennyclifF Bay, the megafaunal assemblage creates a variety of 
surface mounds, burrow openings and tubes, all of which affect bed roughness, which will 
influence the physical characteristics of the sediment indirectly. 
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3.3 LOCH CRERAN, WESTERN SCOTLAND 
3.3.1 Physical characteristics 
Loch Creran (56*^2 9 N, 05^16 1 W) lies on the west coast of Scotland It is a double 
basin sea loch, interconnected at the Creagan Narrows and separated from the Firth of 
Lome, by shallow rock sills, which are 3 and 5 m deep respectively (Fig. 3 3) Freshwater 
run-off to the Upper Basin may affect surface salinity seaward of the Creagan Narrows, but 
salinity at the seabed is comparable to the open sea in the Firth of Lome (Gage, 1972). 
The maximum depth in the Upper Basin is approximately 40 m, while the Lower Basin is 
divided into four sub-basins, the deepest of which is approximately 46 m Mean spring 
and neap tide ranges are 3.3 and I I m respectively (The Hydrographic Office, 1991), 
producing a maximum spring current velocity of 5 knots at the sills (Gage, 1972) The 
loch basins have a quiescent hydrodynamic regime, although tidal currents are sufficient to 
support suspension feeding and to ventilate the bottom waters (Gage, 1972). The water 
temperature varies from approximately 6 °C in Febmary/March to a maximum of 13-15 X 
in August/September (Gage, 1972) 
Creagan 
Basin 
F 6268 
Lower Basi 
352 354 
Eastings ( U T M x 10^ ) 
Figure 3.3: Map of Loch Creran survey location The site used for validation of 
remotely operated vehicle and diver observations in the Upper Basin (Chapter 4) is 
marked with an asterisk The enlarged map is displayed in Universal Transverse 
Mercator (UTM) projection units that are used by the Sonardyne International Ltd 
P^iarosUle acoustic positioning system software (Chapter 2) Consequently, the axes 
scales are equivalent to kilometres. 
77 
Diver and ROV observations were limited to the Upper Basin. The survey site was 
approximately 50 m from the southern shore, and the substratum was muddy sand (Gage, 
1974) lying at a depth of 15-20 m below chart datum (Fig. 3.3). 
3.3.2 Biological characteristics 
The benthic fauna of the Upper Basin has, thus far, received little attention (Nickell 
[Dunstaffhage Marine Laboratory], pers. comm.). However, the Upper Basin is known to 
support low densities of large megafaunal species such as the Norway lobster {Nephrops 
norvegicus), the echiuran worm Maxmuelleria lankesteri and the sea pen Virgularia 
mirabilis (Nickell [Dunstaffiiage Marine Laboratory], pers. comm.). Macrofaunal 
abundance may be low (Kendall [Plymouth Marine Laboratory], pers. com.). 
3.3.3 Sediment resuspension 
In the Upper Basin of Loch Creran, the substratum was similar to that at JennyclifF Bay, so 
the bed shear stress (te) will be approximately 0.1-1 kg.m"'.s"^ (Patterson and Black, 
1999). At the Loch Creran survey site, the current velocity was lower than at JennyclifF 
Bay; hence, depth mean averaged current (^ti^) will be lower than at JennyclifF Bay. In 
addition, the Loch Creran survey site was deeper than JennyclifF Bay, which will reduce 
the drag coefficient, CD . The reduced magnitude of ^u^ and CD will interact, so that 
current shear stress ( tq ) in the Upper Basin of Loch Creran will be less than in JennyclifF 
Bay. Therefore, there will be no erosion of sediment in the Upper Basin of Loch Creran 
due to water currents because current shear stress will not exceed bed shear stress. 
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The validity of megafaunal abundance estimates derived from ROV observations was 
tested by assessing the agreement between abundance estimates derived from direct diver 
observations at marked sites within both locations (Chapter 4). The spatial and temporal 
distribution patterns within the megafaunal assemblage were quantified for Jennycliff Bay 
only (Chapter 5). Similarly, assessment of megafaunal biomass through estimation of the 
common otter shell (Lutraria lutraha) biomass was performed in Jennycliff Bay only 
(Chapter 6). 
79 
C H A P T E R 4 
Validation of megafauna abundance data 
derived from remote (ROV) and direct (diver) 
observations 
Sections of this chapter are contained in: 
Parry, D.M., Nickell, L.A., Kendall, M.A., Burrows, M.T., Pilgrim, D.A., 
Jones, M.B. (2002) Comparison of abundance and spatial distribution of 
burrowing megafauna from diver and Remotely Operated Vehicle 
observations. Marine Ecology Progress Series, 244, 89-93. 
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ABSTRACT 
The standard method for collecting information on the abundance and distribution of 
surface-dwelling megafauna and biotic sediment features associated with burrowing 
megafauna has been direct observation and counting by divers. However, remote 
observations allow information comparable to diver observations to be applied to 
investigations at greater depths and over wider spatial extents than divers may achieve. 
The present chapter compares abundance estimates of megafaunal biolic sediment features 
obtained from diver and remotely operated vehicle-mapping techniques. Results show 
strong agreement between abundance estimates, providing assurance that remote 
observation techniques are not subject to Systematic errors in estimation of feature 
abundance. 
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4.1 INTRODUCTION 
A number of hypotheses that explain the role of disturbance on the structure and 
maintenance of biodiversity in natural assemblages (Connell, 1978; Huston, 1979; 
Brenchley, 1981; Grassle and Morse-Porteous, 1987) were discussed in Chapter 1. The 
mechanisms and effects of disturbance caused by bioturbation (i.e. burrowing activity of 
large individuals), have received much attention (e.g. Suchanek, 1983; Suchanek and 
Colin, 1986; Posey et al., 1991; Valentine et al., 1994). The disproportionately large effect 
of burrowing animals, relative to their abundance, on assemblage structure has led to these 
organisms being considered as 'ecosystem engineers' (Jones et al., 1994). Although the 
disturbance hypotheses are based on the amplitude and frequency of disturbance, the mode 
of bioturbation by different engineering species may ellicit different community responses 
(Widdicombe et al., 2000). Consequently, it has been suggested that quantification of the 
identity, abundance and spatial distribution of biotuibating species will enable greater 
understanding of the dynamics of soft-sediment assemblages (Widdicombe, 2001) and may 
be used as a surrogate for quantitative predictions of macro- and meiofaunal diversity 
patterns (Thrush et al., 2001). Unfortunately, the grain of traditional grab and core 
sampling significantly underestimates the abundance of megafaunal bioturbating 
organisms (Kendall and Widdicombe, 1999), while many bioturbating species bury deeper 
into the sediment than grabs and cores can penetrate. Consequently, alternative methods 
are required to accurately sample this important fraction of the benthic fauna. 
As many bioturbating species consUnct burrows and tubes that produce characteristic 
openings or features on the sediment surface (e.g Nash et al., 1984; Atkinson and Nash, 
1990; Atkinson et al., 1998), direct observations by SCUBA divers of surface openings and 
features may be used to infer abundance and local distributional patterns of the 
bioturbating species responsible for their construction. The scale of such observations, 
however, is not appropriate for monitoring and prediction of larger-scale (hundreds to 
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thousands of metres) diversity patterns (Constable, 1999). The use of underwater cameras 
permit observation of surface features and burrow openings without the constraints of 
depth and deployment time associated with SCUBA diving. Although underwater cameras 
may be deployed on a variety of platforms (Chapter 1), deployment on remotely operated 
vehicles (ROV) provides non-destructive sampling with greater control of observations 
than possible with cameras mounted on towed vehicles. Before remote observations may 
be used with confidence to investigate larger-scale (100s of metres) megafaunal spatial 
distribution patterns, a comparison between remote observations and the current standard 
method of diver observations is required. 
In the present chapter, ROV techniques were compared with direct diver observation by 
recording all megafaunaJ features within the same clearly defined plots from two shallow 
subtidal soft sediment environments. The validity of data extracted from each observation 
method was assessed by comparing diver and ROV-derived estimates of: 
a) total feature abundance, 
b) feature identification, and 
c) spatial coincidence between estimates. 
4.2 M A T E R I A L S AND METHODS 
4.2.1 Site description 
The identity and location of biotic features within survey plots were mapped in Jennycliff 
Bay, Plymouth Sound (50*^1.0'N 04°07.8'W) and Loch Creran, Scotland (56°32.9'N 
05**16.rW) on 31'* May and 26^ July 2000 respectively. A frill description of the survey 
sites may be found in Chapter 3. 
83 
4.2.2 Survey design 
Four plots were established at 10-15 m depth at both locations. These locations were 
chosen because they supported different megafaunal species and different densities of 
surface features. Each plot consisted of a 3x3 m steel frame subdivided into a grid of 
thirty-six 50x50 cm quadrats to assist with feature mapping. The plots were fixed by 
embedding the steel legs, at each comer of the frame, firmly into the sediment. Al l surface 
dwelling megafauna and megafaunal biotic sediment features, including burrow openings, 
mounds and tubes were counted and their position v«ihin each plot recorded by divers and 
ROV observations. The identity of the species responsible for burrow construction was 
determined wherever possible using the morphological characteristics of burrows 
described by Marrs et al. (1996). Divers mapped onto slates the identity and location of 
biotic features within survey plots, while similar maps were generated from the videotape 
that was recorded as the ROV was flown over the same area. The interval between diver 
and ROV surveys in Loch Creran was 5 days, while at Jennycliff Bay, plots were surveyed 
by both techniques within 1 hour. 
Since the ROV camera was fitted with the ABISS structured lighting array that permits 
image scaling (Pilgrim et al., 2000; Chapter 2), still images were selected and captured 
from the videotape, such that the entire survey plot was represented and allowed 
measurement of all the biotic feattires observed. 
The diver and ROV feature maps were digitised using Scion Image software (Scion 
Corporation, USA) and Surfer 6.03 software (Golden Software Inc., USA), from which 
grid co-ordinates of biotic features were extracted. The dimensions of features contained 
in the diver maps were extracted using Scion Image software, while dimensions of features 
appearing in the ROV-derived maps were measured from the corresponding still images 
using Benthic Imager software. 
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4,2.3 Data analysis 
Total biotic feature abundance estimates for each survey plot were derived from diver and 
ROV observation techniques by aggregating the abundance estimate of each biotic feature 
type from each grid cell of the relevant survey plot. In order to assess the ability to detect 
different size fractions of the megafauna using each observation technique, total megafaual 
abundance data for each plot were subdivided to calculate abundance estimates of 
'conspicuous feature' and *all features greater than 15 mm diameter' groups for each 
survey plot. The 'conspicuous feature' group consisted of the Norway lobster {Nephrops 
norvegicus), echiuran worm {Maxmuelleria lankesteri), sea pen {Virgulaha mirabilis), 
polychaete worm (Myxicola infundihulum), funnel-shaped openings and large circular 
holes without a funnel. Megafaunal features were assigned to the 'features greater than 15 
mm diameter' group for both diver and ROV observations using feature measurements 
extracted from Scion Image or Benthic Imager software respectively (Section 4.2.2). The 
abundance estimates of features detected by each method in each survey plot were 
compared using a non-parametric Wilcoxon signed rank test. 
Analyses were performed at a range of sample grain sizes, which were obtained by 
aggregating adjacent grid cells (to give sample grains of 0.5 and 1.0 m^), to investigate 
whether larger samples minimise errors due to parallax. The extent of agreement between 
diver and ROV-derived estimates of biotic feature abundance was examined using the 
Bland and Altman method, a descriptive technique in which the difference between 
abundance estimates was plotted against the mean of the two estimates for each sample 
(Bland and Altman 1986). The difference between estimates was calculated by subtracting 
the diver abundance estimate from the ROV abundance estimate; hence positive values 
indicate that more features were observed in ROV images. The Bland and Altman method 
was preferred to product-moment correlation as it indicates the extent of bias (the average 
difference between estimates) rather than demonstrating covariance; it is also independent 
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of the range of the data (Bland and Altman 1986). Limits of agreement between diver and 
ROV estimates were calculated using two standard deviations of the mean difference 
between estimates (Bland and Altman, 1986). 
4.3 R E S U L T S 
The combination of high feature density in Jennycliff Bay and restricted time for SCUBA 
diving limited the investigation by both diver and ROV to a single survey plot at this 
location. However, the lower density of features in Loch Creran allowed all four plots to 
be surveyed by both diver and ROV in the available time. Therefore, the results from each 
location are presented separately. 
4.3.1 Loch Creran 
4.3.LI Abundance estimates 
In Loch Creran, abundance estimates of total biotic features, conspicuous megafaunal 
features and features greater than 15 mm diameter, made from direct diver observations 
and from ROV images, were not significantly different at the scale of the entire survey plot 
(Table 4.1). 
Table 4.1: Mean abundance estimates of biotic features derived from direct diver and 
remotely operated vehicle observations of Loch Creran survey plots (sample grain = 9 
m^). Significant differences tested with non-parametric Wilcoxon signed rank test; p-
values in parentheses. N=4. 
Total biotic 
features 
Conspicuous 
megafaunal features 
Features greater than 
15 mm diameter 
Diver ±95% CI 70.8 ±7.8 29.5 ±7.2 64.0 ±8.0 
ROV ±95% CI 65.8 ±6.7 25.8 ±7.9 32.0 ±8.3 
Wilcoxon signed rank 
test statistic 
0.55 (0.58) 1.28 (0.20) 1.64 (0.10) 
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4.3.1.2 Spatial coincidence 
There was no significant bias between diver and ROV estimates of total biotic features or 
conspicuous megafaunal features, yet ROV estimates of features greater than 15 mm 
diameter were significantly lower than diver estimates for sample grains of 0.25, 0.5 and 
1.0 m^ (Table 4.2). Increasing grid cell size caused the limits of agreement between diver 
and ROV estimates of total biotic feature abundance to increase, while the number of data 
points that fell outside the limits o f agreement decreased (Fig. 4.1). The majority of data 
points that fell outside the limits of agreement at the smallest grid cell size converged on 
the mean difference between estimates as grid cell size increased, indicating that parallax 
at the edges of grid cells was the major cause of variation between estimates. 
Table 4.2: Mean bias (± 95% CI) between abundance estimates derived from diver and 
ROV observations of Loch Creran survey plots. Negative values indicate that ROV 
estimates were less than diver estimates. Differences tested using Wilcoxon signed 
rank; ns:/7>0.05; •*/7<0.01. 
Quadrat N Total biotic Conspicuous Features greater than 
size (m^) features megafauna features 15 mm diameter 
0.25 144 -0.14 ±0.3"" -0.10 ±0.1"' -0.89 ±0.2** 
0.5 72 -0.28 ±0.6"" -0.21 ±0.2"' -1.78 ±0.4** 
1 36 -0.56 ±1.3"" -0.42 ±0.4"' -3.56 ±1.0** 
9 4 -5.00 ±14.4"' -3.75 ±5.6"' -32.0 ±10.5"' 
Since data points that remained outside the limits of agreement represented either the 
effects of parallax at the edges of the 1 m^ quadrat, or a real discrepancy between 
identification of megafaunal features, closer examination of the raw data was required. 
Tracking data points through the Bland and Altman plots as grid cells were aggregated 
revealed that the outlying point in Figure 4.1 resulted from the diver observing extra 
"unidentified holes" in two adjacent 0.25 m^ cells from plot CRl . The still images 
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collected from the ROV videotape for the corresponding grid cells were re-analysed, yet 
the missing' features could not be accounted for 
A 
B 
C 
10 
5 
i> 
-5 
-10 
Bias 
• • 
• • 
Limit of 
agreement 
l i l . i s 
U 10 - I -
Limit of 
agreement 
Limit of 
agreement 
10 
• C R l 
Average of diver and ROV estimate 
CR2 A CR3 
211 
CR4 
Figure 4 I : Bland and Altman plot of difference against mean for total biotic features 
in Loch Creran survey plots Data are aggregated on grid size of A=0 25 m^; B=0.5 
m', C=l m' The bias, represented by the dashed line equals the mean difference 
between methods The limits of agreement, represented by the dotted lines, are equal 
to bias ±2 standard deviations 
88 
4.3.1.3 Conspicuous features 
There was good agreement between diver and ROV estimates of large conspicuous 
featiires, with no significant bias between estimates {p>0.Q5) (Fig. 4.2 and Table 4.2). The 
difference between diver and ROV abundance estimates decreased as grid cells were 
aggregated, suggesting that most of the variation between estimates may be due to the 
effects of parallax. Although the limits of agreement increased slightly as grid cells were 
aggregated, much of this variation was caused by the outlying value from grid CRl . The 
features that appeared to have been missed by the ROV observations were present in the 
ROV still images, and all measured less than 15 mm diameter. Consequently, the outlying 
value was an artefact of the criteria for grouping of features rather than a methodological 
difference. 
4.3.1.4 Features greater than 15 mm diameter 
There was a significant negative bias (p<0.01) between abundance estimates of features 
greater than 15 mm diameter derived from ROV observations in comparison to estimates 
derived from diver observations at sub-grid scales (Table 4.2), suggesting that the ROV 
consistently failed to detect the smallest megafaunal features. However, diver and ROV 
estimates of total features and conspicuous feature abundance were not significantly 
different, suggesting that the apparent differences were caused by differences between 
feature measurement techniques rather than the ability to detect the features per se. The 
effects of parallax on assigning feature location were evident because the limits of 
agreement were of the same magnitude as for total biotic feature abundance estimates (Fig. 
4.3). 
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4.3.2 Jennycliff Bay 
4.3.2.1 Abundance estimates 
In Jennycliff Bay, high feature density and restricted time for SCUBA diving limited 
observations by both diver and ROV to a single survey plot. The biotic features present in 
the JennyclififBay assemblage had similar dimensions, so different size fractions were not 
examined. Qualitative assessment of total biotic feature abundance data in Jennycliff Bay 
suggested that diver and ROV-derived estimates were similar (Table 4.3). Comparison of 
abundance estimates of specific feature types indicated that there were some differences 
between assignment of species identity to the biotic sediment features observed, and these 
were elucidated using the Bland and Altman plots of spatial coincidence at the scale of 
individual grid cells (0.25 m^). 
Table 4.3: Abundance estimates of biotic features counted during diver and ROV 
observations of the Jennycliff Bay survey plot. Area = 
Feature type ROV-derived Diver-derived 
Total biotic features 621 635 
Thalassinidean openings 180 94 
Bivalve openings 425 507 
Thalassinidean plus bivalve openings 605 601 
Callianassa mounds 4 14 
4.3.2.2 Spatial coincidence 
There was no significant bias between the estimates of total biotic feature abundance 
(Table 4.4 and Fig. 4.4). Data points that fell outside the limits of agreement at 0.25 m^ 
sample grain approached the methodological bias as samples were aggregated, which 
indicates that the effects of parallax on abundance estimates decreased as sample grain 
increased. Variation associated with the difference between abundance estimates (y-axis) 
at larger grain sizes indicated that some biotic features had not been detected by both 
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observation techniques, while variation between mean abundance estimates (x-axis) 
indicated variation of the spatial distribution of biotic features. 
ROV-derived estimates of thalassinidean opening abundance were significantly greater 
than diver estimates, while ROV-derived estimates of bivalve abundance were 
significantly lower than diver estimates. However, there was no significant bias between 
diver and ROV estimates when these burrow types were aggregated (Table 4.3). 
Callianassa subterranea ejecta mounds were not detected in ROV images as effectively as 
by an experienced diver (Table 4.3). 
Table 4.4: Mean bias (±95% CI) between diver and ROV estimates of features 
contained in Jennycliff Bay grid cells of 0.25 m^ ns: /?>0.05; * /7<0.05; /7<0.01. 
N=36 
Feature type Mean bias (±95% CI) 
Total biotic features -0.4 ±1.3"' 
Thalassinidean openings 2.4 ±1.0** 
Bivalve openings -2.3 ±1.2 
Thalassinidean plus bivalve openings 0.1 ±1.3"' 
Callianassa mounds -0.3 ±0.2* 
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3.4 DISCUSSION 
There was no significant difference between estimates of total biotic feature abundance 
between direct diver observation and remotely operated vehicle imaging in shallow 
unvegetated sedimentary environments. Although the benchmark for quantification of 
megafaunal biotic features has been direct observation by divers, the results presented here 
provide assurance that there was no systematic error associated with remote survey 
estimates of total biotic feature or conspicuous feature abundance. As a result, the 
confidence that may be applied to wider extent and deeper-water investigations of 
megafaunal diversity, bioturbational activity, standing stock, production or energy flux is 
increased (Chapters 5 and 6). 
Much of the variability within the data presented can be accounted for by the different 
ways in which divers and camera systems observe the seabed. In the present study, survey 
frames were deployed close to (but not in contact with) the seabed to minimise sediment 
resuspension. The frame was a considerable aid when diver mapping; the divers could 
position themselves directly above the grid nodes to look vertically down. Conversely, the 
ROV camera was oriented obliquely to the sediment surface, causing small differences in 
abundance estimates due to parallax at the edges of the smallest grid cell size. The effect 
of parallax diminished as cell size increased because the ratio between sample area and 
sample perimeter decreased. The variation between abundance estimates that could not be 
explained by parallax was due to features that were not observed by one or other of the 
survey techniques. 
Biotic features that were omitted by one or other of the survey techniques do not 
necessarily reflect lack of agreement between diver and ROV observations, as there was no 
consistent pattern to suggest bias between either technique. The ROV image data may be 
re-examined to identify which features were not recorded within the grids because diver 
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observations do not provide a permanent record of the seabed itself. Features recorded 
from ROV observations, but not recorded during diver observations, were measured from 
still images using Benthic Imager, and found to be approximately 2 cm diameter. 
Similarly, ROV images were re-examined to check for features that were recorded in diver 
maps only, yet no corresponding features were identified. However, the features recorded 
only in the diver maps were all small "unidentified holes" that were also approximately of 
2 cm diameter. Since significant temporal variation in feature abundance may occur within 
24 h in Loch Creran (Nickell [Dunstaffnage Marine Laboratory], pers. comm.), these small 
features may have been generated and/or eradicated during the inter-survey interval. 
The significant differences detected between abundance estimates of different size 
fractions of the total biotic feature assemblage suggest that abundance estimates of the 
smaller features from remote observations were consistently lower than direct diver 
observations of the same area. However, feature dimensions from the diver and ROV 
observations were extracted in different ways; diver-derived measurements were calculated 
from the size of the object drawn in situ, while measurements of features in the ROV-
generated maps were made from corresponding still images of the features themselves. 
Divers are known to overestimate significantly the size of objects (Ross, 1989), while the 
minimum size of feature that may be recorded in diver-generated maps depends on the size 
of the pencil tip, and will be reflected in feature dimensions extracted from Scion Image 
software. Conversely, the ABISS system is capable of measurements of features from 
images that are accurate to ±5% (Pilgrim et al., 2000). Hence, greater confidence must be 
placed in the absolute dimensions of features derived from remote images, which may be 
used to define the minimum size of feature included in analyses. 
The lack of bias between diver and ROV estimates at Jennycliff Bay suggests that remote 
observations may be cost effective where feature density is high, because the same area of 
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seabed may be surveyed in a fraction of the time required by diver observations. 
Subjective identification of burrows, rather than the ability to detect the openings, 
accounted for the differences between ROV and diver estimates of thalassinidean and 
bivalve openings, because there was no significant bias between abundance estimates when 
these groups were pooled. Thalassindean shrimp and bivalve surface openings are 
generally distinctive. Thalassinidean shrimp burrows are connected to the surface by a 
number of vertical shafts, each of which form a funnel-shaped opening at the sediment 
surface (Atkinson and Nash, 1990); bivalve siphon tips are generally visible at the surface 
opening, which is flush with the sediment surface. However, bivalve openings may appear 
funnel-shaped i f the siphons are retracted in response to predator activity, because the 
surface opening may slump when not supported by the siphons. Alternatively, competitive 
advantage may be derived from slumping of the opening, because funnel-shaped openings 
are associated with enhanced bioresuspension rates in comparison to a flat sediment 
surface; hence, the rate of pseudofaeces removal will be increased (Paterson and Black, 
1999). In remote observations, the ability to discriminate between funnel-shaped bivalve 
openings and thalassinidean openings would be enhanced by increasing the image 
resolution, which may be achieved by reducing camera-object distance. Oblique camera 
and illumination angles would enhance further the detection of features characterised by 
subtle changes in bottom topography, such as the volcano-like mounds associated with 
Callianassa subterranea burrows (Atkinson and Nash, 1985), as shadows would be cast 
onto the seabed. 
The ability to apply scale to the still ROV images using the laser array (described in 
Chapter 2) allowed feature measurement, which assisted with the identification of feature 
types (e.g. Marrs et al., 1996). The measurement of surface features may be used to infer 
size distributions of burrowing fauna and derive estimates of megafauna biomass, which 
will be presented in Chapter 5. In the present study, observations were made within metal 
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frames; however, the use of the ABISS permits abundance estimates to be expressed as 
absolute density estimates without the deployment of frames or other scaling aids. The 
laser array also provided a visual reference that assisted the pilot to maintain camera 
orientation, thus maintaining absolute resolution, to increase the amount of quantitative 
data that may be extracted from remote images. 
Remote observations are less appropriate in topographically complex habitats, such as 
boulder fields and kelp forests, because the laser spot pattern becomes corrupted and 
cryptic organisms are more difficult to observe. Divers are more appropriate under such 
circumstances as they are able to manipulate the features to gain information on the fauna. 
However, the concordance between estimates derived from diver and ROV observations at 
both sites indicate that remote observations may be used to obtain accurate estimates of 
biotic feature abundance from unvegetated sediment environments on a wider extent, and 
from greater depths, than accessible to direct diver observation. 
4.5 CONCLUSIONS 
There was strong agreement between abundance estimates of megafaunal features that 
were derived from direct diver and remote observation techniques. The results provide 
assurance that remote observation techniques may be deployed over wider spatial extent 
and to greater depths than divers may achieve without systematic errors in estimating 
megafaunal feature abundance. The spatial and temporal structure of a soft sediment 
megafaunal assemblage, based on quantitative images collected from an ROV, will be 
presented in the remaining chapters of this thesis. 
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C H A P T E R 5 
Spatial and temporal pattern in community 
structure of a soft sediment megabenthic 
assemblage 
Sections of this chapter are contained in: 
Parry, D.M, Kendall, M.A., Pilgrim, D.A., Jones, M.B. (in press) 
Identification of patch structure within marine benthic landscapes using a 
Remotely Operated Vehicle. Journal of Experimental Marine Biology and 
Ecology, 285-286. 
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ABSTRACT 
The spatial scale of megafaunal assemblage variation in apparently homogeneous subtidal 
sediment was investigated using quantitative observations from a remotely operated 
vehicle (ROV). Quantitative abundance estimates of surface-dwelling megafauna and 
biotic sediment features associated with burrowing megafauna were derived from video 
images using the Automated Benthic Image Scaling System (ABISS), a novel method of 
applying scale to images collected by ROVs. Spatially referenced images were collected 
to a maximum extent of 400 m within a broader area of apparently homogeneous sediment. 
Rank-correlograms were constructed to examine the extent and form of the megafaunal 
spatial structure. The megafaunal assemblage was neither uniformly distributed nor 
temporally stable. A nested hierarchy of spatial structure was detected within the 
megafaunal assemblage on a spatial extent up to 400 m. The approach described in this 
Chapter offers ways forward to address how variation of megafaunal spatial structure 
affects macrofaunal assemblage structure, and to elucidate fully the application of remote 
imaging to map and predict the conservation value of subtidal sofr sediments. 
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5.1 INTRODUCTION 
The fundamental role of ecology is to understand ecosystem dynamics and develop models 
that are sufficiently robust to make accurate predictions about changes in ecological 
systems (Peters, 1991). The biotic composition of ecosystems is shaped by biological and 
physical processes interacting within a complex hierarchy of spatial and temporal scales. 
Although there is no single correct scale at which to describe ecological patterns (Levin, 
1992), generic methods for understanding and predicting relationships in ecosystems may 
be classified as either top-down or bottom-up. Top-down investigations suggest that only 
by observing patterns in assemblage structure may the distribution of individual species be 
understood. Conversely, the bottom-up approach requires an understanding of how each 
species in the assemblage is distributed and the way it interacts with all other species 
before community patterns may be understood. Understanding ecosystem dynamics is a 
multiphase process because patterns in assemblage structure are a function of top-down 
and bottom-up processes operating simultaneously. Large-scale patterns of species 
distribution within an assemblage (i.e. top-down investigation) result from relatively slow 
interactions between the environment and habitat, such as hydrodynamic regime and 
geological history, which might appear constant at smaller scales o f observation. 
Conversely, small-scale distributional patterns are produced by interactions between 
individuals and species, such as competition and predation, which can operate at high rates 
and appear as noise in large-scale observations (O'Neill, 1989). No matter what the extent 
of investigation, processes operating at larger scales determine the conditions in which a 
distributional pattern occurs, while the processes responsible for the pattern itself operate 
at the next lowest level (O^^Ieill, 1989). 
To understand ecosystem dynamics at any particular level of observation, the key 
components of an ecosystem must be identified. Once the key components have been 
determined, their spatial distribution may be quantified by mapping techniques. 
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Subsequently, hypotheses may be raised to examine the mechanism by which observed 
distributional patterns were created and maintained (i.e. top-down approach). Although 
small-scale manipulative experiments may be designed to test hypotheses that explain 
large-scale distribution patterns (i.e. bottom-up approach), they cannot be used in isolation 
to predict large-scale outcomes because many interactions contribute to variation in faunal 
abundance and distribution (Constable, 1999). In addition, different process rates do not 
necessarily scale up in the same way (Thrush et al., 1997b). Logically, therefore, 
experiments designed to elucidate the mechanisms that create and maintain a particular 
pattern require an ability to quantify the scale at which the features of interest are 
distributed. 
Landscape ecology, a top-down approach to understanding ecosystem dynamics, considers 
all landscapes as a heterogeneous mosaic of landscape units, or habitat patches, which are 
repeated at intervals over space (Kent et al., 1997) and hypothesises that the spatial 
arrangement of ecosystems, habitats, or communities has ecological implications (Turner, 
1990). In terrestrial landscape ecology, habitat patches are often defined on the basis of 
vegetation type and/or anthropogenic structures. Although a similar approach has been 
applied in the marine environment to investigate spatial distribution of seagrass habitats 
(Robbins and Bell, 1994), marine landscapes are defined usually using physical 
characteristics rather than biological structures (Zajac, 1999), Marine benthic habitats may 
be classified and mapped on a sub-regional scale using acoustic ground discriminating 
systems (AGDS) such as RoxAnn™ (Stenmar Micro Systems Ltd., Scotland) (e.g. 
Greenstreet et al., 1997) and QTC View^^M (Quester Tangent Corporation, Canada) (e.g. 
Morrison et al., 2001), which group areas of seabed by their acoustic properties alone. 
Since the acoustic properties reflect sediment structure and water depth, the maps produced 
have little biological meaning when viewed in isolation. I f the maps are to be used in 
ecological studies, it is necessary to link the acoustic properties of an area with the fauna 
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inhabiting it. Conservationists and environmental managers consider landscapes as a 
patchwork of 'biotopes', each representing the physical characteristics of a habitat and the 
specific species that are found commonly there, hi the marine environment, direct 
observations, or grab sampling, may determine the biotope(s) associated with acoustically 
distinct patches of sediment. Since biotopes are differentiated by the specific species that 
live in a particular habitat, a number of similar biotopes are grouped ftinctionally to define 
different Mife form' units (e.g. Entec, 1996), for which the acoustic signatures are 
determined. Consequently, maps of the acoustic characteristics of the seabed represent the 
predicted distribution o f ' l i f e form' units associated with apparently homogeneous areas of 
sediment (e.g. Greenstreet et al., 1997), yet little is known of the faunal variability within 
such patches. 
Pearson and Rosenberg (1978) hypothesised that diverse benthic assemblages were 
established in previously azoic sediments through the process of succession. In the first 
stage of succession, opportunistic organisms (with rapid growth, small body size, short 
generation time, rapid reproduction and planktonic larvae) colonise the sediment surface 
and modify sediment characteristics through their feeding activity. The competitively 
dominant deeper-burrov^ng megafaunal organisms establish themselves gradually over 
time, turning the sediment into a complex three-dimensional fabric o f burrows, tubes and 
feeding mounds, creating a variety of microhabitats for other species to colonise (Pearson 
and Rosenberg, 1978). However, the successional stage of a marine benthic assemblage 
may be impeded (or reset) by physical and biological disturbance events at spatial scales 
from individual ray feeding pits (Thrush et al., 1991) to large storm events (Posey et al., 
1996) that occur at a range of temporal scales. Consequently, marine benthic assemblages 
may be considered as a mosaic of patches at different stages of recovery (i.e. succession) 
from disturbance events (Grassle and Morse-Porteous, 1987; Reise, 1991). 
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While the landscape of biogenic microhabitats produced by megafaunal individuals may be 
affected by the successional stage of the assemblage, the burrowing activity of megafaunal 
species (i.e. bioturbation) introduces a ftirther source of disturbance that creates mosaic 
patterns in marine sediments (e.g. Thistle, 1981). Bioturbation by megafaunal species 
disturbs the geophysical and geochemical properties of sediments, particularly in areas of 
low abiotic disturbance (e.g. Hall, 1994), which influences the structure and composition 
of associated macrofaunal assemblages (e.g Woodin, 1978; Brenchley, 1981; Posey, 1986). 
Changes in sediment granulometry (Aller and Dodge, 1974; Suchanek, 1983), sediment 
oxygenation (Forster and Graf, 1995; Astali et al., 1997), and nutrient fluxes (Hughes et 
al., 2000) associated with megafaunal bioturbation may affect assemblage structure 
through the direct or indirect effects on settlement and survival of macrofaunal larvae 
(Woodin, 1978). Therefore, the mechanisms of bioturbation, and the spatial and temporal 
distribution of the megafauna themselves, create and maintain environmental heterogeneity 
in an otherwise homogeneous environment (Levin and Paine, 1974). 
Thrush et al. (2001) found that habitat structure was significantly correlated with 
macrofaunal species richness, evenness and Shannon-Weiner diversity, and hypothesised 
that observations of benthic habitat structure may be used as a surrogate for the rapid 
estimation of macrofaunal diversity at larger spatial scales. Remote observation of the 
seabed is used to validate biological classification of acoustic data, yet similar techniques 
could be used to quantify the spatial distribution of megafaunal population density; thus 
assessing habitat structure. Studies of the effects of bioturbation usually consider the size 
and frequency of disturbance (e.g. Petraitis, 1989). Experimental manipulations of 
bioturbating megafaunal species, however, showed that the response of the macrofaunal 
assemblage, particularly the rare species, was influenced by the identity of bioturbating 
species (Widdicombe and Austen, 1999). Consequently, quantification of megafaunal 
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assemblage distribution patterns may enhance techniques to rapidly map and predict 
macrofaunal assemblage structure by considering species identity with population density. 
The abundance and identity of megafaunal organisms and the sediment structures that they 
construct may be extracted from ROV observations, and such data have been validated 
previously against those derived from direct diver observation (Chapter 3). Although 
diver/ROV validation was achieved over a limited spatial extent (9 m^), the Sonardyne 
International Ltd, underwater acoustic positioning system (Chapter 2) allows spatially-
referenced ROV observations to be made on a larger survey extent. In this chapter, the 
results from ROV surveys designed to determine the composition and spatial structure of a 
megafaunal assemblage within an apparently homogeneous patch of sediment are 
described. The ROV surveys were designed specifically to test the null hypothesis that: 
a) The megafaunal assemblage within an extensive area of apparently homogeneous 
subtidal sediment was distributed homogeneously up to a maximum spatial extent of 
400 m. 
I f the null hypothesis is falsified, the secondary hypotheses were: 
i) The size of megafaunal patches was consistent between years, and 
ii) the dimensions of megafaunal patches matched those of the macrofaunal patches. 
105 
5.2 MATERIALS AND METHODS 
5.2.1 Survey location 
Sampling of the spatial structure of the megafaunal assemblage of Jennycliff Bay, 
Plymouth Sound, took place on 30*^  and 31'* May 2000, and 4**' March 2001. The 
Jennycliff Bay sediment was described as a fairly extensive stretch of sandy mud by the 
Marine Biological Association (1957) and has been mapped using side-scan sonar as 
homogeneous sublittoral muddy sand (Moore et al., 1999). The site was also chosen 
specifically as a broad area of relatively homogeneous sediment in which macrofaunal 
heterogeneity had been quantified previously (Kendall and Widdicombe, 1999). A full 
description of the survey location is presented in Chapter 2. A long base line acoustic 
beacon array of approximately 200 x 300 m was deployed in Jennycliff Bay (Section 
2.5.1). The positions of the seabed transponder beacons were determined using a 
differential global positioning system (DGPS) in combination with a vessel-mounted 
acoustic transponder, and converted to Universal Transverse Mercator (UTM) units in the 
Sonardyne PharosLite positioning software (Section 2.5). 
5.2.2 Survey design 
The survey was confined to an apparently homogeneous sublittoral muddy sand with 
bivalves habitat that was defined using side-scan sonar during a Joint Nature Conservation 
Committee project (Moore et al., 1999). To maximise the spatial coverage of the survey, 
yet remain within the same patch of sediment, four stations were established: Beacon, 
Central, Fylrix and Nearshore (Fig. 5.1). The research vessel was moored at each station 
during the ROV deployments. At each station, three parallel transects were defined, each 
of 100 m length and separated by 25 m, and the ROV was navigated as close to each 
transect line as hydrographic conditions permitted. Al l navigation data from PharosLite 
were recorded in a Microsoft Access database file, while real-time ROV position co-
106 
ordinates and time were displayed on the video overlay. The video image and overlay 
information was recorded onto VHS videotape for later analysis. 
5.2.3 Data extraction 
Still images were collected from the videotape using MVPilot frame grabbing software 
(^MTRIX Vision GmbH, Oppenweiler, Germany). The area contained within each image 
was calculated using Benthic Imager and the UTM co-ordinates were recorded. To 
achieve a constant sample grain, a contiguous series of images was collected for each 
sample, onto which virtual quadrats totalling 0.5 m^ were overlaid. The intended 
separation between samples (i.e. sample lag) was 10 m, but images were rejected i f 
sediment resuspended by the wash from the ROV propellers obscured the seabed. 
Occasionally, position calculation by the PharosLite software was associated with large 
estimated position errors, which were recorded in the navigation database files (Section 
2.5.3). Consequently, still images were rejected i f the estimated position error exceeded 5 
m, which is the same position accuracy achieved by differential GPS. 
During May 2000, the videotape yielded seventy-three samples with a mean estimated 
position error of 1.4 ±0.2 m (±95% confidence interval). The March 2001 survey yielded 
seventy-two samples v^th a mean estimated position error of 1.5 ±0.2 m (±95% confidence 
interval). Although more samples could have been collected from the videotape in each 
survey year, the sample lag would have approached the spatial resolution of the acoustic 
positioning system. 
A l l megafaunal sediment structures and surface-dwelling megafauna (henceforth, referred 
to as biotic features) within the virtual quadrat were identified using the still images and 
adjacent frames of the videotape. The still images were annotated accordingly and all 
biotic features were measured using Benthic Imager software (Chapter 6). The abundance 
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of biotic feature groups larger than 1 cm was recorded as these features could be identified 
consistently in the images It was not possible to allocate all animals encountered to 
species, nor was it possible to identify the species responsible for all of the sediment 
structures observed Wherever possible, surface-dwelling megafauna were identified to the 
lowest possible taxonomic level using the nomenclature of the Marine Species Directory 
(Howson and Picton, 1997) Megafaunal sediment structures, such as burrow openings 
and mounds, were identified to the best possible resolution using the morphological 
characteristics described by Marrs et al (1996) Wherever possible, the identity of animals 
responsible for sediment structures not contained within Marrs et al. (1996) was 
investigated by a combination of SCUBA observation and the establishment of specimens 
recovered by anchor-dredging in laboratory aquaria 
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Figure 5.1: Location of 0 5 m^ contiguous image stations collected from the 
videotape that was recorded during the May 2000 and March 2001 survey periods 
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The burrow openings of thalassinidean mud shrimp species {Upogebia deltaura and 
Callianassa subterranea) could not be distinguished. However, surface mounds were 
attributed to C subterranea, as this species is a deposit feeder (Aller and Dodge, 1974; 
Rowden et al., 1998) while U. deltaura is a suspension feeder (Hill , 1981; Pinn et al., 
1998) and would not produce such features. Three different bivalves with fused siphons 
were observed; one with dark viscera and two with light viscera. The latter were separated 
by the appearance of their siphon openings when the ROV passed overhead; 'species 1' 
resembled an hourglass while the inhalant and exhalent openings appeared separate in 
'species 2'. The identity of these large bivalves was confirmed by collecting specimens 
with an anchor dredge. Individuals were returned to the laboratory, and allowed to rebury 
in sediment collected from Jennycliff Bay and maintained in tanks of circulating seawater 
(I0-I5**C) for 4 weeks. Images of the siphon openings at the sediment surface were 
collected, whereupon, the individuals were retrieved and identified to the species level. 
The bivalve species with dark viscera siphons was attributed to the common otter shell, 
Lutraria lutraria, while the light viscera siphons of species 2 were attributed to the cockle, 
Acanthocardia sp. Unsuccessflil attempts were made to collect megafaunal specimens to 
identify those species responsible for making some of the unknown surface openings, such 
as the light viscera 'hourglass' bivalve siphons (bivalve species 1). Consequently, the 
morphology of these features, ranging in size from 0.5-2 cm diameter, was defined on size, 
shape and whether the opening was at the centre of a hollow or mound or flush v^th the 
sediment surface. These features were assigned a unique identification code that could be 
used to identify these features in subsequent images. 
5.2.4 Data analysis 
Multivariate data analyses were carried out using the PRIMER (Plymouth Routines In 
Multivariate Ecological Research) software package, a suite of statistical routines 
developed at the Plymouth Marine Laboratory (Clarke and Warwick, 1994). A matrix of 
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between-sample similarity was constructed, using the Bray-Curtis similarity index, fi-om 
biotic feature abundance data. The Bray-Curtis Similarity Index, Sjk, is given by: 
Sjf, =100x 
j:\YiJ-Yik 
1=1 
S ( Y y + Y / A ) 
(Bray and Curtis, 1957) 
where Yij and are the abundance of species / in samples J and k respectively (/ = 
1,2, ,p;j and k = 1,2, ,n). This index varies from 100% (total between-sample 
similarity) to 0% (total between-sample dissimilarity). Similarity matrices were 
constructed using untransformed biotic feature abundance data that emphasise the 
influence of common features and double root (VV) transformed biotic feature abundance 
data, which represent a more balanced approach to analyses by increasing the influence of 
low abundance features on the whole assemblage. 
Description of the spatial pattern at any particular scale within an assemblage can be 
addressed only after the null hypothesis that the assemblage is distributed homogeneously 
has been rejected. Examination of spatial structure within the megafaunal assemblage was 
approached in two different ways; by comparing variance within and between stations and 
by determining how assemblage similarity varied with distance. Differences between a 
priori groups of samples may be tested by analysis of variance (ANOVA) for single 
species or analysis of similarities (ANOSIM) for the distribution of an assemblage. 
However, investigation of spatial structure in the distribution of a species or assemblage 
implies that the abundance at one location is related to the abundance at another location; 
the spatial distribution is autocorrelated. Spatial autocorrelation between samples 
introduces difficulties with ANOVA tests because the samples are not statistically 
independent. ANOSIM tests are complicated further because values in each cell of a 
similarity matrix are not independent. While significance of difference in ANOSIM may 
still be assessed using a permutation procedure, the true number of degrees of fi-eedom 
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used to assess significance in an ANOVA test are difficult to define because each new 
sample added to the analysis does not add a complete degree of freedom. While ANOVA 
and ANOSIM tests identify differences that may occur between groups of samples, the 
description of spatial pattern of a species or assemblage by these methods requires a 
complicated nested sampling design (e.g Underwood, 1997; Kendall and Widdicombe, 
1999). 
To date, most studies have examined spatial pattern within single species. They have been 
achieved by determining how spatial autocorrelation coefficients change with increasing 
sample lag, using Moran's / (Moran, 1950) and Geary's c (Geary, 1954), which are 
calculated by comparing the abundance between samples at different distances apart. By 
plotting the autocorrelation coefficient between samples against the distance separating 
them to produce a correlogram, the presence of patches can be detected and their size 
estimated (Angel and Angel, 1967; Jumars et al. 1977; Thrush et al., 1989). Multivariate 
techniques, such as the Mantel test statistic (Legendre and Fortin, 1989; Legendre, 1993), 
can be used to investigate spatial pattern in community data. The Mantel test statistic is 
based on parametric correlation between matrices of faunal similarity and distance 
(Legendre and Fortin, 1989) that may be over influenced by outlying values. In this thesis, 
a non-parametric rank-correlation technique has been used to examine the spatial structure 
of the benthic megafauna of Jennycliff Bay. This technique was chosen because the 
influence of large differences in values was diminished and the statistic was independent of 
scale (Somerfield and Gage, 2000). 
5.2.4.1 Megafaunal assemblage composition 
The significance of differences in megafaunal assemblage composition between years and 
stations was tested using a two-way crossed ANOSIM because the same transects were 
surveyed in both years. Although ANOSIM is equivalent to an ANOVA test for univariate 
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data, the former does not allow testing for interaction effects (Clarke, 1993). Where 
significant differences in assemblage structure were detected, the species/features 
responsible were identified using SIMPER (similarity of percentages) analysis. Non-
parametric multidimensional scaling (MDS) was used to visualise the temporal stability of 
megafaunal assemblage structure between the two surveys. Two-way crossed ANOVA 
tests were performed to identify between-year and between-station differences in 
abundance of the discriminating features. Year and station were fixed factors in the 
analysis because station location was defined specifically to investigate assemblage 
variation in different parts of Jennycliff Bay. Pairwise tests using Tukey's HSD were used 
to identify which stations were significantly different from each other. 
5.2.4.2 Spatial structure of the megafaunal assemblage 
The spatial structure of the fauna, defined as a relationship between biotic similarity and 
sample lag, was explored by comparison of the biotic similarity matrix (Section 5.2.4) and 
a sample distance matrix. The latter was constructed from sample position data derived 
from the Sonardyne acoustic positioning system (Section 2.4.3) and expressed as the linear 
distance separating all pairs of samples (Fig. 5.2). 
The spatial homogeneity of the megafaunal assemblage was tested by calculating 
Spearman's correlation coefficient, p, between corresponding elements of biotic similarity 
and sample distance matrices. The number of cells in each matrix, equivalent to the total 
number of possible pairs of samples, was 2628 and 2556 in May 2000 and March 2001, 
respectively. Spearman's rank correlation between matrices constructed from both 
untransformed and VVtransformed faunal abundance data were performed using the 
RELATE routine in PRIMER (Clarke and Warwick, 1994). Since the lack of 
independence between elements of a similarity matrix invalidates the standard statistical 
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tables, the significance of correlations was determined using a Monte Carlo randomisation 
procedure with 5000 permutations (Somerfield and Gage, 2000) 
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Figure 5 2 Construction of a sample distance matrix that represents distances between 
every pair of samples, calculated fi"om samples' co-ordinates derived from the 
Sonardyne acoustic positioning system [CLUSTER routine in PRIMER] 
5.2.-4.3 SfXJtial /xif/ern of the me^afaiinal assemblage 
The spatial pattern of the megafaunal assemblage was explored by constructing 
multivariate rank-correlograms (Somerfield and Gage, 2000), which allow the biotic 
similarity of samples within a pre-set distance class to be compared with the biotic 
similarity of all other samples A separate model' distance matrix was constructed for 
each distance class by re-coding each cell of the sample distance matrix with ^ T i f the 
sample separation fell within the distance class and '0' for all other classes (Fig. 5.3). 
The distance range chosen for each of the discrete 'modeP distance matrices may be 
decided either by allocating an equal number of pairs of observations to each class or using 
fixed intervals to cover the maximum extent of the survey. Since the magnitude of 
Spearman's p depends on the number of observations in each test, the interpretation of 
spatial pattern from rank-correiograms constructed using equal numbers of observations 
per distance class is less susceptible to statistical artefacts (Somerfield [Plymouth Marine 
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Laboratory], fyers.comm ). Consequently, the May 2000 survey co-ordinates were used to 
define ten distance classes containing equal pairs of observations and a model' distance 
matrix was constructed for each class The May 2000 distance class ranges were imposed 
on the March 2001 data, from which corresponding 'model' distance matrices were 
constructed from the March 2001 sample distance matrix Since the distribution of pairs of 
observations allocated to each distance class in March 2001 was not significantly different 
to May 2000 (Kolmogorov-Smirnov test, /?>0 05, N=10), the same distance class ranges 
were used to allow comparison of spatial pattern of the megafaunal assemblage between 
years Consequently, each distance class contained approximately 260 observations in 
May 2000 and approximately 250 observations in March 2001 
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Figure 5 3: Schematic representation for constructing 'modeP distance matrices from 
the between-sample Euclidean distance matrix Separate 'model' matrices must be 
constructed for each range of euclidean distances. 
In a similarity matrix, larger values indicate that samples are close together In a distance 
matrix, however, larger values indicate that samples are further apart. Consequently, the 
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'model' distance matrices were treated as similarity rather than distance matrices so that 
positive Spearman's correlation coefficients corresponded to samples that were more alike 
than expected by chance, and vice versa. Spearman's correlation coefficient between the 
megafaunal similarity matrix and each 'model' distance matrix was calculated for both 
untransformed and VVtransformed faunal abundance data using the RELATE routine in 
PRIMER (Clarke and Warwick, 1994). The significance of correlation within a particular 
distance-class was calculated using the Monte Carlo permutation technique (within 
RELATE). Correlation between megafaunal similarity and 'model' distance matrices 
represents a two-tailed test because samples within each distance class may be more or less 
similar than all other samples. Therefore, assuming significance of correlation at p=0.05, 
significant positive autocorrelation occurred when p<0.025 and significant negative 
autocorrelation occurred when p>0.975. 
A multivariate rank-correlogram (Somerfield and Gage, 2000) was constructed for both 
untransformed and VVtransformed abundance data by plotting each correlation coefficient 
value against distance-class. In such diagrams, significant autocorrelation minima 
represent the distance between samples that are least similar biotically, and may be used to 
define the radius of a patch of similar fauna (Legendre and Fortin, 1989). Significant 
autocorrelation maxima in rank-correlograms that occur in distance classes greater than an 
autocorrelation minimum indicate the distance between successive patches of biotic 
similarity (Legendre and Fortin, 1989). Consequently, a spatially homogeneous 
megafaunal assemblage wall be represented by a rank-correlogram in which no Spearman's 
p values are significantly different from zero (Fig. 5.4). Similarly, the multivariate rank-
correlogram that would be obtained from a linear gradient may be constructed by 
calculating the correlation between the sample distance matrix rather than megafaunal 
similarity matrix and each 'model' distance matrix (Fig. 5.4). 
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Figure 5.4: Rank-correlogram that would be obtained i f biotic similarity and inter-
sample distances were in a perfect series for each year and an example of a rank-
correlogram for a homogeneous assemblage Significance of Spearman's p value 
calculated by Monte Carlo permutation procedure (RELATE]. 
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5.3 R E S U L T S 
A total of thirty different megafaunal biotic feature types was identified from the images 
(Appendix I). Biogenic sediment features included thalassinidean mud shrimp burrow 
openings {Upogebia deltaura and Callianassa subterraned) and mounds {Callianassa 
subterranea), angular crab burrows {Goneplax rhomboides\ and a variety of unknown 
surface openings and feeding pits. Megafaunal species included the infaunal bivalves 
Lutraria lutraria, Acanthocardia sp. and Unknown Bivalve 1, epibenthic decapods such as 
hermit crabs and decorator crabs {Macropodia tenuirosths), epibenthic gastropods (Philine 
aperta, Hinia reticulata and Tuhtella sp.) and ophiuroids. 
Image resolution, measured by the pixel footprint (real size represented by a single pixel at 
the centre of the image), was 1.3 ±0.3 mm and 1.1 ±0.1 mm (mean ±95% confidence) in 
May 2000 and March 2001 respectively. In May 2000, the camera range (distance 
between camera and the sediment at the centre of the image) and inclination angle (angle 
between sediment surface and the optical axis of the camera) were 61 ±3 cm and 50 ±1° 
(mean ±95% confidence), respectively. In March 2001, the camera range and inclination 
angle were 48 ±1 cm and 64 ±1° (mean ±95% confidence) respectively (Appendix II). 
5.3.1 Spatial structure of the megafaunal assemblage 
The megafaunal assemblage was not distributed homogeneously within an extensive area 
of apparently homogeneous subtidal sediment in Jeruiycliff Bay. Significant positive 
Spearman's correlation (Table 5.1) indicated that simple distance-related spatial structure 
existed in both survey years, which implies that samples taken in close proximity to each 
other were more similar biotically than pairs of samples taken with greater separation (i.e. 
greater sample lag). Positive spatial autocorrelation of untransformed and VVtransformed 
abundance data (Table 5.1) indicated that the spatial structuring was reflected in both the 
abundance of dominant features and in the assemblage in general. 
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Table 5.1: Spearman's rank-correlation (/?) values between corresponding elements of 
biotic feature similarity and sample distance matrices to investigate spatial structure in 
the megafaunal assemblage of Jennycliff Bay. Bold values indicate significant 
correlation, p < 0.05, estimated by a Monte Carlo permutation procedure [RELATE 
routine in PRIMER] (p-values in parentheses). 
Survey Year 
Data transformation 2000 2001 
Untransformed 
VVtransformed 
0.175 (0.002) 0.161 (0.012) 
0.173 (0.008) 0.187 (0.002) 
5.3.2 Spatial pattern of the megafaunal assemblage 
The rank-correlograms show that the spatial pattern of the megafaunal assemblage in 
JennyclifF Bay was patchy in both years (Fig. 5.5). Each year, the rank-correlograms 
produced from untransformed and VVtransformed data analyses were similar, indicating 
that the spatial pattern was reflected in the distribution of common features and in the 
assemblage as a whole. There were, however, between-year differences in the form of the 
rank-correlograms (Fig. 5.5), which indicated that the spatial pattern was not temporally 
stable. 
5.3.2.1 May 2000 survey 
The spatial structure of the megafaunal assemblage during the May 2000 survey appears as 
a 'wide wave' {sensu Legendre and Fortin, 1989) across the extent of the survey. The 
significant positive correlation coefficient for samples separated by 0-30 m in both rank-
correlograms (Fig. 5.5 2000A and 2000B) indicated that the minimum patch size was 
greater than 30 m. Biotic similarity of samples decreased as sample separation increased 
until a significant negative autocorrelation minimum occurred in the 123-163 m distance 
class (Fig. 5.5 2000A and B), which represented the distance between samples that were 
least similar biotically. The biotic similarity of samples separated by 163-250 m was 
significantly lower than the average assemblage, but greater than samples separated by 
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123-163 m, suggesting that a megafaunal patch with a minimum radius of 123-163 m 
(corresponding to the autocorrelation minimum) was present in the assemblage (Fig. 5.5 
2000A and B). 
Although Spearman's p for samples separated by 250-380 m was not significantly 
different from zero, the trend of increasing Spearman's p between 163 and 380 m 
suggested that the patch structure might be nested within yet larger patches beyond the 
spatial extent of the present survey. 
The autocorrelation coefficients in the untransformed rank-correlogram (Fig. 5.5 2000A) 
were relatively constant between 0-86 m, which suggests that the dominant features were 
distributed homogeneously within the patch. The switch from significantly positive to 
significantly negative autocorrelation coefficient values occurred between 86-123 m, 
which suggests that the patch boundary was well defined. Conversely, the autocorrelation 
coefficients in the VVtransformed rank-correlogram decreased gradually to the significant 
minimum value, which suggests a gradient of biotic similarity between samples where the 
location of the patch boundary was less distinct than for the dominant features. 
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Figure 5.5: Rank-correlograms produced by correlation of Bray-Curtis similarities 
between samples separated by distance class in Jennycliff Bay, calculated using 
untransformed and VVtransformed abundance data for megafaunal biotic features. 
Open symbols p<0.025 or p>0.975, closed symbols 0.025</7<0.975 estimated by 
Monte Carlo permutation [RELATE routine in PRIMER]. 
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5.3.2.2 March 2001 survey 
The significant positive correlation coefficient for samples separated by 0-30 m in both 
rank-correlograms (Fig. 5.5 2001A and 2001B) indicated that the minimum patch size was 
greater than 30 metres. The biolic similarity of samples in the unu-ansformed rank-
correlogram decreased as sample separation increased (Fig. 5.5 2001 A), suggesting that 
biotic feature distribution, biased towards the distribution of dominant features, represented 
a linear gradient across the survey extent. The minimum patch size detectable during 
March 2001 was between 250-380 m, inferred from the location of the autocorrelation 
minimum. Minimum patch size could be greater than 380 m i f the value of the 
autocorrelation coefficient for samples greater than 380 m apart decreased further. 
Unfortimately, samples separated by more than 380 m were beyond the extent of the 
present survey, so minimum patch size could not be resolved. The transition between 
significant positive and significant negative autocorrelation coefficient values occurred 
over 46-218 m, in which Spearman's p was not significantly different from zero. This 
rank-correlogram pattern suggests that samples collected within the patch were not 
significantly different from the average biotic feature assemblage and the patch boundary 
was not clearly defined. 
The general shape of the VVtransformed rank-correlogram was similar to the 
untransformed rank-correlogram, indicating that the megafaunal assemblage was 
distributed in a patch v^th a radius of 25(^380 m (Fig. 5.5 2001B). However, significant 
autocorrelation maxima in the 46-63 and 163-190 m distance classes suggested a nested 
pattern of megafaunal assemblage distribution within the 250-380 m radius patch. The 
radius of the nested patches could not be determined because the autocorrelation minima at 
the intermediate distance classes were not significantly different from zero. 
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5.3.2.3 Benveen-year differences in spatial pattern 
The spatial structure in the megafaunal assemblage in March 2001 was less clearly defined 
than in May 2000, because Spearman's p values in the rank-correlograms were lower in 
March 2001. The untransformed rank-correlograms (Fig. 5.5 2000A and 2001 A ) showed 
that dominant megafaunal features were distributed in a single patch in each year, although 
the March 2001 patch radius was larger than May 2000. Conversely, the VVtransformed 
rank-correlograms indicated that the megafaunal assemblage in May 2000 was distributed 
in a single patch while there was a nested hierarchy of patches in the March 2001 
megafaunal assemblage. 
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5.3.3 Megafaunal assemblage composition and spatial structure 
Global tests using two-way crossed ANOSIM identified significant differences between 
years and stations (Table 5.2), mdicating that the spatial structure of the megafaunal 
assemblage was not temporally stable. Significant between-year and between-station 
differences were observed in both untransformed and VVtransformed abundance data, 
implying that the spatial structuring was reflected in the distribution of all the fauna. 
Table 5.2: R-values from 2-way crossed ANOSIM test to test for significant 
differences in assemblage composition. Bold values indicate significant differences, 
p < 0.05 (p-values in parentheses). 
Factor untransformed VVtransformed 
Year 
Station 
0.464 (0.001) 0.327 (0.001) 
0.276 (0.001) 0.301 (0.001) 
Non-parametric multidimensional scaling (MDS) plots of megafaunal biotic feature data 
provided a visualisation of between-year differences in megafaunal feature assemblage 
structure. The spread of points in the MDS plot for untransformed data showed that the 
variability in the distribution of common biotic features was greater in March 2001 than 
May 2000 (Fig. 5.6). However, the high stress values associated with the MDS plots, 
particularly using VVtransformed data, suggested that an acceptable representation of the 
similarities in community structure had not been achieved. Consequently, interpretation of 
community structure within the megafaunal assemblage must be confined to the ANOSIM 
test statistic. 
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Figure 5.6: Multidimensional scaling (MDS) plots of the megafaunai biotic feature 
assemblage during May 2000 and March 2001 surveys, which were derived from 
untransformed and VVtransformed abundance data 
Pairwise tests, using one-way ANOSIM, were performed to identify which stations were 
significantly different from each other in each year (Table 5.3). Numerically dominant 
features (untransformed data) and the megafaunal assemblage (VVtransformed data) at the 
Central station were significantly different from all other stations during the May 2000 
survey, indicating greater assemblage similarity at the centre of Jennycliff Bay compared 
to the edges of the patch (Fig. 5.1). Although the dominant features at the Fylrix and 
Nearshore stations were significantly different, the pattern was not reflected in the 
megafaunal assemblage as a whole The distribution of common features, and the whole 
assemblage, in March 2001 was significantly different between all stations, except Central 
and Fylrix, which suggests complex spatial variation within the fauna The lower R-values 
derived from the March 2001 survey indicated that between-station differences were not as 
well defined as in May 2000 
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Table 5.3: R-values from pairwise comparisons of stations using 1-way ANOSIM. 
Bold values indicate significant differences,/? < 0.05 (p-values in parentheses). 
Groups Untransformed VVtransformed 
May 2000 
Beacon vs Central 0.419 (0.001) 0.429 (0.000) 
Beacon vs Fylrix 0.090 (0.119) 0.012(0.385) 
Beacon vs Nearshore 0.141 (0.055) 0.081 (0.136) 
Central vs Fylrix 0.306 (0.001) 0.370 (0.000) 
Central vs Nearshore 0.283 (0.001) 0.348 (0.000) 
Fylrix vs Nearshore 0.185 (0.007) 0.084 (0.058) 
March 2001 
Beacon vs Central 0.279 (0.003) 0.203 (0.015) 
Beacon vs Fylrix 0.127 (0.042) 0.144 (0.025) 
Beacon vs Nearshore 0.319 (0.000) 0.185 (0.018) 
Central vs Fylrix 0.073 (0.090) 0.059 (0.120) 
Central vs Nearshore 0.405 (0.000) 0.187 (0.000) 
Fylrix vs Nearshore 0.323 (0.000) 0.334 (0.000) 
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The biotic features that contributed most to the significant between-year differences in the 
megafaunal assemblage were identified using SIMPER analysis of untransformed 
abundance data. The common otter shell (Lutraria lutraria), lhalassinidean burrow 
openings and rough/prickly cockles (cf Acanthocardia sp.) were the best discriminating 
species, accounting for almost 70% of the dissimilarity between years (Table 5.4). Since 
the same discriminating species contributed to the majority of dissimilarity between 
stations in both survey years, the variation of abundance of these features was investigated 
further. 
Table 5.4: Breakdown of the average dissimilarity of the biotic feature assemblage 
between years in Jennycliff Bay into contributions from each feature type [SIMPER 
routine in PRIMER]. Feature types are ordered in decreasing contribution; feature 
types in bold are discriminating species. 
Biotic feature Average Average Contribution Cumulative 
dissimilarity dissimilarity/ (%) Contribution 
Standard deviation (%) 
Lutraria lutraria 25.70 1.59 50.4 50.4 
Thalassinidean 5.54 1.17 10.9 61.3 
opening 
69.6 cf A canthocardia 4.20 1.00 8.3 
Turitella sp. 3.02 0.70 5.9 75.5 
Callianassa 1.98 0.94 3.9 79.4 
mound 
Bivalve species 1 1.64 0.69 3.2 82.6 
surface scrape 1.42 0.73 2.8 85.4 
Goneplax burrow 0.86 0.42 1.7 87.1 
Ophiuroid 0.84 0.48 1.7 88.8 
Hinia reticulata 0,70 0.45 1.4 90.2 
Two-way crossed ANOVA revealed significant between-year and between-station 
differences in Lutraria lutraria and in thalassinidean burrow opening abundance, while the 
abundance of c f Acanthocardia sp. siphons was only significantly different between 
stations (Table 5.5). Significant interaction terms (i.e. YearxStation) indicate that the 
relative between-station differences were not consistent between years; thus the 
distribution of Lutraria lutraria, thalassinidean bunow openings and c f Acanthocardia sp. 
was not consistent temporally. 
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Table 5.5: Results fi-om 2-way crossed ANOVA analysis of abundance data 
(number of individuals per 0.5m^ sample) for the biotic features discriminating 
between survey years (as identified by SIMPER routine). Al l factors were fixed. 
Bold values indicate significant differences, p < 0.05. 
Source df SS MS F-ratio /7-value 
Lutraria sp 
Year 1 2673.21 2673.21 72.62 0.000 
Transect 3 825.48 275.16 7.47 0.000 
Year x Station 3 463.31 154.44 4.20 0.007 
Thalassinidean openings 
Year 1 15.12 15.12 4.75 0.031 
Transect 3 35.29 11.76 3.70 0.014 
Year x Station 3 67.62 22.54 7.08 0.000 
Callianassa mounds 
Year 1 1.82 1.82 3.63 0.059 
Transect 3 3.08 1.03 2.05 0.110 
Year x Station 3 1.32 0.44 0.88 0.455 
cf Acanthocardia 
0.230 Year 1 2.03 2.03 1.46 
Transect 3 53.29 17.76 12.76 0.000 
Year x Station 3 111.04 37.01 26.59 0.000 
In May 2000, the mean abundance of Lutraria lutraria was significantly higher than in 
March 2001 (Table 5.6, Fig. 5.7); the mean abundance of this species at Central, Fylrix and 
Nearshore stations was significantly higher in May 2000 compared to March 2001. There 
was no significant between-year difference, however, in the mean abundance of L. lutraria 
at the Beacon station (Table 5.6 and Fig. 5.7). Significant between-station differences in L 
lutraria abundance were detected only in May 2000, whereby, the mean abundance at the 
Fylrix station was significantly higher than at the Nearshore and Beacon stations (Table 
5.6). At the Central station, the mean abundance of L lutraria was less than at the Fylrix 
station, but greater than both Beacon and Nearshore stations (Fig. 5.7). The differences in 
L. lutraria abundance at the Beacon, Nearshore and Central stations were not statistically 
significant, however, which indicates that there was a spatial gradient in the abundance of 
L lutraria within Jennycliff Bay during May 2000. 
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Table 5.6: Station differences in average abundance of dominant megafaunal features 
per 0.5m^ sample in Jennycliff Bay. P values from Kruskal-Wallis tests; stations 
connected by lines are not significantly different {p < 0.05) from each other (Tukey's 
HSD test). Stations are ordered, left-to right, from lowest to highest mean abundance, 
wath minimum and maximum average abundance per 0.5m^ sample presented for each 
feature. The integers 1 and 2 represent the May 2000 and March 2001 surveys, while 
B, C, F and N represent Beacon, Central, Fylrix and Nearshore stations, respectively. 
p Station order Min. - Max. 
r ^ • I ^ n n n n N2 F2 C2 B2 N l BI CI FI ^ . . 
Lutraria lutraria <0.000 5.3 - 24.4 
Thalassinidean openings <0.000 32 N2 F2 CI N l B l C2 FI o.7 - 3.8 
Callianassa mounds <0.000 N l N2 Fl B l B2 Cl F2 02 0.3 - 0.9 
c f Acanthocardia. sp. <0.000 B l F2 N l Fl B2 C2 Cl N2 Q . O - 2,8 
In May 2000, the mean abundance of thalassinidean burrow openings was significantly 
higher than in March 2001, yet the mean abundance at each station was not significantly 
different between-years (Table 5.5, Fig. 5.7). Although there were no significant between-
station differences in thalassinidean burrow opening abundance in May 2000, the highest 
mean abimdance of thalassinidean burrow openings occurred at the Fylrix station. The 
highest mean abundance of Lutraria lutraria also occurred at the Fylrix station in May 
2000, which suggests that the peak of megafaimal activity occurred at this station. 
Significant between-station differences detected in March 2001 showed that mean 
thalassinidean burrow opening abundance at the Central station was significantly higher 
than at all other stations (which did not differ significantly from each other) (Tables 5.5 
and 5.6). 
There were no significantly different between-year differences in the abundance of c f 
Acanthocardia sp. siphons because the number of individuals in the samples was low in 
both years (Table 5.5, Fig. 5.7). c f Acanthocardia sp. individuals were distributed in a 
patch that was located at the Central station in May 2000 and at the Nearshore station in 
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March 2001 (Fig 5 7). Since the size distribution of Acanth(Kardia sp siphons was not 
significantly different between years (mean diameter in May 2000 17 8 ±0 8 mm, March 
2001 17.6 ±0 8 mm, Kolmogorov-Smirnov test, /7=0 26), the change in patch location may 
have been due to migration between survey years 
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Figure 5.7: Mean abundance (number of individuals per 0.5m^ video quadrat) in each 
station for four important megafaunal features, as identified by SIMPER analysis 
Significant (p < 0 05) between year differences within stations (Tukey's HSD) are 
marked with an asterisk 
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5.3.4 Spatial pattern ofLutraria lutraia and thalassinidean openings 
Lutraria lutraria and lhalassinidean burrow openings were the discriminating features of 
the megafaunal assemblage both within and between surveys (Table 5.4). Since these 
features contributed most to between-station and between-year differences, their spatial 
pattern was investigated using rank-correlograms. In May 2000, the significant positive 
autocorrelation at the first distance class for L lutraria indicated that minimum patch size 
exceeded 30 m (Fig. 5.8A), while the significant negative autocorrelation minima indicated 
patch radius was 218-250 m. Non-significant autocorrelation in the first distance class in 
March 2001 indicated that L lutraria were arranged in patches less than 30 m radius, while 
these patches were separated by 30-46 m (significant autocorrelation maximum). The 
small patches of L lutraria were nested within larger patches with radii of 250-380 m, 
indicated by a significant autocorrelation minimum. 
The lack of significant autocorrelation at any distance class in the May 2000 rank-
correlogram indicated that the thalassinidean burrow openings were spatially homogeneous 
during this month (Fig. 5.8B). In contrast, thalassinidean burrow openings were structured 
into patches with radius 123-163 m (significant autocorrelation minimum) separated by 
250-380 m (significant autocorrelation maximum) during March 2001 (Fig. 5.8B). Figure 
5.7 suggests that the patch structure of thalassinidean burrow openings was centred around 
the Central station. 
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Figure 5 8: Rank-correiograms for (A) Lutraha lulraha and (B) thalassinidean burrow 
openings in Jennycliff Bay. Constructed from Spearman's p correlation between 
abundance and model' distance matrices using the RELATE routine A symbols 
represent Spearman's p values where p < 0 025 or p > 0 975, A symbols represent 
Spearman'spvalues where 0.025 <p< 0.975. 
5.4. DISCUSSION 
The present study showed that the megafaunal assemblage, detected by quantitative 
spatially-referenced remote observations within a patch of homogeneous sediment, was 
neither uniformly distributed nor temporally stable. A nested hierarchy of spatial structure 
was detected within the megafaunal assemblage on a spatial extent up to 400 m. The 
significant between-year and between-station differences in megafaunal assemblage 
structure were best represented by abundance changes of thalassinidcEin burrow openings 
and Lutraria lutraria siphons. 
5.4.1 Homogeneity of habitat and fauna 
An apparently homogeneous habitat, such as Jennycliff Bay, should support a spatially 
homogeneous assemblage i f a positive relationship between faunal diversity and habitat 
heterogeneity exists (e.g. Grassle and Maciolek, 1992; Cosson et al., 1997; Soltwedel and 
Vopel, 2001; Thrush et al., 2001). Homogeneous megafaunal distribution patterns may 
also result from intra- and inter-specific competition between the dominant animals within 
the assemblage, which, in the present study were thalassinidean shrimp {Upogebia 
deltaura and Callianassa subterraned) and the common otter shell {Lutraria lutraria). 
Thalassinideans construct complex burrows connected to the surface by a variable number 
of inhalant and exhalent openings and inhabited by a single individual. Although C 
subterranea and U. deltaura are thought to deposit feed and suspension feed respectively 
(Aller and Dodge, 1974; Rowden et al., 1998), both species may change feeding modes to 
exploit the most advantageous food source (Nickell and Atkinson, 1995). Regular spacing 
of burrow openings may occur at the scale of individual burrows as a behavioural response 
to maximise the net benefit from the available food supply, which would result in 
homogeneous distribution of features. The minimum scale of thalassinidean homogeneity 
depends on the lateral extent of the burrow complex, which may reach 95 cm for 
callianassids (Suchanek et al., 1986), depending on the organic content of the sediment 
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(Berkenbusch and Rowden, 2000). The aggressive behaviour of thalassinideans (Ott et al., 
1976) may cause individual burrow complexes to be separated, as burrow aggregation 
would increase the chance of meeting a conspecific individual. Consequently, a uniform 
distribution of individuals with a favourable habitat may be expected at the next largest 
scale. 
Regular spacing of Lutraha lutraria, a suspension-feeding bivalve that lives permanently 
buried in a burrow approximately 30 cm below the sediment surface, may also occur in 
response to intra-specific competition for space and food. A weak foot limits the 
movement of L lutraria within the burrow, so contact with the overlying water is 
maintained through partially retractable fused siphons (Holme, 1959). L lutraria uses the 
sediment fabric for support rather than for a food supply, but surrounding sediment may 
become contaminated with pseudofaeces in hydrodynamically-quiescent habitats. Intra-
specific competition for suspended particles, and the deleterious effects of pseudofaeces, 
combined with inter-specific competition for space in the sediment fabric may, therefore, 
result in a uniform distribution of dominant features within favourable habitats. 
Despite an apparently homogeneous habitat and biological processes that may create 
homogeneous megafaunal distributions, a nested hierarchy of spatial structure was detected 
within the megafaunal assemblage on a spatial extent up to 400 m. Similarly, 
heterogeneous distributions of individual species (e.g. Macomona liliana and Austrovenus 
stutchburyi [Thrush et al., 1997a]) and assemblages (Zajac et al., 2000) within apparently 
homogeneous sediment habitats have been reported previously, so alternative hypotheses 
that may produce faunal heterogeneity must be considered. To identify the processes 
influencing the distribution of individuals and species within a habitat, the physical factors 
that operate at larger scales must be considered simultaneously with biological processes 
that operate on smaller spatial scales (Thrush et al., 1997a). 
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5.4.2 Alternative hypotheses for heterogeneous faunal distributions 
The hydrodynamic regime and geological history set the boundary conditions within which 
a particular sediment habitat exists. Jennycliff Bay sediment was classified as 
homogeneous muddy sand using acoustic techniques that measure the reflectance of the 
seabed (Morrison et al., 2001). Acoustic reflectance of subtidal sediments, however, can 
be affected by water depth, geotechnical properties and pore water content as well as 
granulometry (Morrison et aJ,, 2001). In addition, sediment granulometry covaries with 
other physical variables, such as organic content, microbial content and food supply, all of 
which may be affected hydrodynamically (Hall, 1994). Acoustic seabed classification 
techniques may, therefore, conceal subtle differences in the physical characteristics of 
sediment habitat. Consequently, faunal heterogeneity may occur in acoustically-
homogeneous habitats in response to subtle variations in physical variables, which 
manifest themselves through biological structuring processes such as non-uniform 
settlement or non-uniform survival of the fauna. 
5.4.2.1 Influence of physical processes on settlement of fauna 
Many of the megafaunal features/species observed in the present study, including the 
numerically-dominant thalassinideans and Lutraria lutraria, have planktotrophic larvae 
(Dumbauld et al., 1996) that are transported passively in the water column. Consequently, 
the spatial distribution of larvae immediately preceding settlement may be affected by the 
hydrodynamic regime at the sediment-water interface, which is itself affected by the 
presence of burrow openings and mounds (Eckman, 1983). Although larval recruitment 
depends primarily on settlement to a suitable substratum (e.g. Feldman et al., 1997) the 
success of larval recruitment may be influenced further by spatial variation in sediment 
granulometry (or associated factor) within an area of suitable sediment. The 
hydrodynamic regime at the sediment-water interface may influence further the abundance 
and distribution of adults through dispersal of resuspended postlarvae (e.g. 6lafsson et al., 
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1994; Hunt and Scheibling, 1997). Megafaunal bivalves may undergo postlarval dispersal 
in the water column either through passive erosion and transport with resuspended 
sediment (Emerson and Grant, 1991) or by active resuspension and byssal drifting 
(Armonies, 1992). The influence of posllarval transport may be greater for smaller bivalve 
individuals (e.g. less than 2 mm for Mya arenaria [Hunt and Mullineaux, 2002]) because 
resuspension is affected by particle size, but may also be significantly related to the 
ambient density of adults. 
In the present study, the megafaunal features observed were greater than 1 cm diameter, 
which suggests that all bivalve siphons and burrow openings were associated wnth 
individuals that had survived larval settlement and reached adult size. Between-station 
differences in the abundance of Lutraria lutraria and thalassinidean burrow openings may, 
therefore, reflect spatial variation in the hydrodynamic regime at the sediment-water 
interface, which imposes spatial variation on megafaunal assemblage structure through 
direct and/or indirect effects on larval settlement post-settlement survival. Without prior 
knowledge of the scale of megafaunal variation, it was not possible to collect appropriate 
data to investigate fiirther the relative importance of pre- and post-settlement processes at 
the sediment-water interface on the distribution and abundance of the megafaunal 
assemblage. 
5.4.2.2 Mechanisms by which resident fauna influence settlement and survival offauna 
In addition to variation of the hydrodynamically induced habitat characteristics, 
megafaunal distribution patterns may be influenced further by the interaction of newly 
settled individuals with the resident fauna i.e. post-settlement processes. Bioturbation by 
megafaunal species disturbs the geophysical and geochemical properites of sediments, 
particularly in areas of low abiotic disturbance (e.g. Hall, 1994; Snelgrove and Butman, 
1994), which influences the structure and composition of associated macrofaunal 
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assemblages (e.g Woodin, 1978; Brenchley, 1981; Posey, 1986). Megafaunal bioturbation 
and suspension feeding may also influence the recruitment and survival of megafaunal 
individuals (Woodin, 1976), while fractions of the associated macrofaunal assemblage may 
prey upon megafaunal larvae. Consequently, spatial variation of the resident macro- and 
megafauna may fiirther influence the spatial structure of megafaunal assemblages through 
bioturbation activity, which alters the available biotic/abiotic resources. 
5.4.2.2.1 Effects of megafaunal bioturbation on sediment reworking 
The construction of burrows by thalassinidean shrimp in JennyclifF Bay affects sediment 
compaction and turbidity, while Callianassa subterranea can also expel significant 
volumes of sediment from the burrow (Rowden et al., 1998). Megafaunal burrowing 
activity may, therefore, create local patches of unstable sediment thai smother animals with 
low mobility and inhibit larval settlement and/or recruitment (e.g. Posey et al., 1991). The 
burrow openings and mounds associated with thalassinidean and bivalve burrowing 
activity also increase the complexity of surface topography and may increase pore water 
content (Rhoads, 1974), all of which decreases bed shear stress, a measure of the 
erodability of the sediment surface. As a result, sediment resuspension from areas 
containing high densities of biogenic sediment structures wall be greater than from a flat 
seabed under the same tidal currents (Widdows et al., 2000). While increased resuspension 
may benefit megafaunal individuals directly by increasing food availability and the rale 
pseudofaeces removal (Paterson and Black, 1999), the indirect effects on larval settlement 
and survival may impose fiirther structure on mega- and macrofaunal assemblages. 
5.4.2.2.2 Effects of megafaunal bioturbation on sediment geochemistry 
In addition to variation of the physical properties of the sediment, bioturbation may elicit 
non-uniform settlement and survival of megafauna by affecting the chemical 
characteristics of, and nutrient fluxes through, the sediment. Megafaunal burrow and tube 
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structures, and ventilation by the inhabitants, extends oxygenation to depths greater than 
ambient sediment conditions, which increases the habitat available to species that are 
sensitive to anoxic conditions (e.g. Forster and Graf, 1995; Astall et al., 1997). Sediment 
reworking may also incorporate organic material at the sediment-water interface into the 
sediment and expose buried material which, combined with increased oxygenation, 
increases the amount of food available to the associated fauna (Branch and Pringle, 1987). 
The spatial variation of physical and chemical characteristics of the sediment habitat 
caused by bioturbating megafauna may affect the composition of the associated fauna in a 
predictable manner because animals with different life histories and functional roles 
display different responses to bioturbation. For example, the abundance of suspension 
feeding fauna may be reduced in areas of high bioturbation due to increased sediment 
reworking/resuspension, which may reduce the efficiency of food collection and block the 
filtering apparatus [cf Trophic Group Amensalism hypothesis (Rhoads and Young, 1970)]. 
Similarly, mobile fauna may be able to withstand the effects of sediment reworking by the 
megafauna more efficiently than sessile fauna (Brenchley, 1981). Functional grouping 
may be extended and applied to megafaunal bioturbators as experimental evidence has 
shown that the mode, plus the intensity, of bioturbation by different megafaunal species 
can have a significant effect on the structure of macrofauna assemblages (Widdicombe and 
Austen, 1999). Various schemes for classifying bioturbation mode exist (e.g. Swif^, 1993; 
Dauwe et al., 1998), which offer a way forward for investigating the influence of 
megafaunal distribution patterns on macrofaunal distribution patterns. However, further 
investigation to assess the robustness of functional group definitions and the potential for 
individual species to overlap different functional groups is required before megafaunal 
distribution patterns may be used as a surrogate to predict macrofaunal distribution 
patterns. The functional group approach to investigating megafaunal bioturbation and the 
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implications for the associated fauna remains an attractive technique, but is beyond the 
scope of this thesis. 
5.4.2.2.3 Effects of resident macrofauna on megafaunal distribution 
The potential mechanisms by which megafaunal activity, specifically bioturbation, may 
create and maintain spatial heterogeneity in the mega- and macrofaunal assemblages have 
been discussed above. However, burrowing activity by macrofaunal-sized individuals may 
also contribute to sediment reworking and changes in sediment geochemistry. In addition, 
the spatial variation of macrofaunal assemblages may also feed back into megafaunal 
distribution patterns i f newly settled megafaunal recruits represent a viable food supply for 
predatory macrofauna. 
5.4.2.2.4 Interaction between megafaunai and macrofaunai assemblage structure 
Hypotheses may be raised to test whether megafaunal and macrofaunal assemblages 
influence each other, but assessing the relative importance of each contribution is difficult. 
Intensive grab sampling of Jennycliff Bay (July 1995) identified patches of macrofaunal 
animals at scales below 500 m and suggested that these patches were nested within larger 
areas that could be seen as homogeneous at larger spatial scales (Kendall and Widdicombe, 
1999). Given that the extent of megafaunal and macrofaunal patches occurred at similar 
scale, the hypothesis that one influences the other cannot be rejected. 
The lack of a single process that explains spatial pattern in benthic assemblages occurs 
because all species respond to the spatial and temporal variation in the environment at their 
own unique scale; the species ambit. Spatial heterogeneity of macrofaunal assemblages on 
the scale of hundreds of metres has been detected elsewhere (Thrush et al., 1989; Morrisey 
et al., 1992), which suggests that macrofaunal organisms have similar species ambits. It 
seems reasonable to assume that the small-bodied macrofauna respond to processes 
138 
associated with the larger-bodied megafauna because species ambit appears to be a 
fxmction of body size and mobility (Hewitt et al., 1996). 
Temporal variability of the megafaunal distribution panems presented in this thesis suggest 
that macrofauna samples must be collected concurrently with megafaunal observations to 
assess directly the relationship between scales of megafaunal and macrofaunal distribution 
patterns. However, the similarity of scales of distribution encourages investigation of the 
potential use of megafaunal distribution patterns as a surrogate for mapping and predicting 
macrofaunal distribution. 
As discussed earlier, megafaunal bioturbation affects physical and chemical processes that 
interact in a complex manner to modify the availability of resources to the associated 
fauna. Thalassinidean life span is 2-3 years (Witbaard and Duineveld, 1989), while a 
bivalve species similar to Lutraria lutraria {Mya arenaria) generally lives 10-12 years but 
may reach 28 years (Strasser, 1999). Therefore, established megafaunal individuals have 
the potential to affect the shorter-lived macrofaunal species in the surrounding sediment 
through direct and indirect effects of bioturbation. The critical role played by megafaunal 
species in creating and maintaining assemblage structure, particularly in areas of low 
abiotic disturbance, has been recognised by the term 'ecosystem engineers' (Lawton, 
1994). An ecosystem engineer structures assemblages through disturbance rather than 
trophic processes [cf. Keystone species (Paine, 1966)]; autogenic engineers modify the 
environment via their own physical structures (e.g. coral reefs and trees) while allogenic 
engineers transform biotic/abiotic materials that are available to others (Lawton, 1994). 
Megafaunai species considered in the present study may, therefore, be considered as 
allogenic ecosystem engineers (Jones et al., 1994) 
139 
5.4.3 Legitimacy of homogeneous habitat 
The present study aimed to quantify the extent to which megafaunal assemblage 
heterogeneity could be detected in a homogeneous sediment. Although the survey location 
had been defmed acoustically as a patch of apparently homogeneous sublittoral muddy 
sand (Moore et al., 1999), acoustic ground discrimination systems impose boundaries on 
the seabed to constrain areas that are acoustically different. However, classification of 
sediments represents artificial boundaries along a continuous gradient of grain size, which 
covaries with other habitat characteristics as described above. In the present study, the 
megafaunal assemblage/biotic feature landscape was defined based on statistical criteria. 
In practice, the seabed habitat is a mosaic of different sediment grades that support 
different assemblages and densities of fauna that respond to spatial and temporal variation 
in the environment at many overlapping scales. Consequently, the scales at which the key 
ecosystem processes operate must be identified so that techniques may be developed to 
map, monitor and, ultimately, predict the spatial arrangement of ecosystem functions. 
5.4.4 Consideration of the sampling technique 
Megafaunal assemblage data extracted from remote observations of the seabed may be 
considered as a measure of the biologically-mediated landscape, rather than as an absolute 
estimate of megafaunal species abundance. The definition of megafaunal assemblage used 
in the present study encompassed surface dwelling megafauna and biogenic sediment 
features, such as biurow openings and mounds, because many soft-sediment megafaunal 
species bury deep in the sediment. Although surface features may be used to infer the 
identity of species responsible for constructing the features, it is not possible to use counts 
of features to make an absolute estimate of animal numbers because burrows have a 
variable number of openings. For example, a single thalassinidean burrow may have 
between 1-17 inhalant openings (Atkinson and Nash, 1985), which may vary between 
sexes and sediment type (Nickell and Atkinson, 1995; Rowden and Jones, 1995). 
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Nevertheless, within any single area the number of openings per burrow is reasonably 
consistent and at such a scale comparisons £u-e possible. 
In deep-sea observations, the presence of biogenic sediment features does not necessarily 
reflect concurrent megafaunal activity because low current conditions may allow traces to 
persist for long periods after formation (Wheatcroft et al., 1989). Biogenic sediment 
features are likely to have shorter persistence times in the shallow water of Jennycliff Bay 
because vacant burrow openings would fill rapidly in a heavily bioturbated sediment. 
Similarly, Callianassa sp. mounds can be dispersed easily by currents (Aller and Dodge, 
1974), while detached Laminaria sp. fronds, dragged across the seabed in the current, 
flatten surface features (personal observation). The length of time that a vacated burrow 
persists may be influenced by a variety of local factors, such as local hydrography, 
bioturbation activity and sedimentation rate. Biogenic features, however, represent areas 
where the physical and chemical processes associated with bioturbation that may impose 
structure on macrofaunal assemblages, such as changes in sediment granulometry, 
chemistry and organic content, operate long after the bioturbating activity ceased. 
Quantification of epi-megafauna and biogenic sediment features is, therefore, a necessary 
requirement in the context of applying megafaunal assemblage structure as a surrogate for 
mapping and predicting macro-infaunal assemblages. 
The minimum scale at which biotic feature variation can be investigated using remote 
observations is limited by the accuracy of the underwater positioning system (Chapter 2). 
The data presented in this thesis were extracted from images accurate to within 5 m of their 
true position, which is the same accuracy expected from differential GPS. While 
patchiness of the megafaunal assemblage at a sub-5 m scale is quite possible (Section 
5.4.1), it could not be detected using the techniques employed in this thesis. The location 
of ROV stations used here was intended to maximise the spatial extent of the survey while 
141 
avoiding the edges of the patch. More images could have been collected within the extent 
of the survey. However, the number of pairs of observations that contribute to the 
Spearman's p correlation between matrices was very high. Consequendy, many more 
samples would need to be collected to influence the value and significance of the 
correlation coefficient. Extra images could have been gathered outside the extent of the 
current survey, but these samples would have fallen outside the patch of apparently 
homogeneous sediment within Jennycliff Bay. Consequently, investigation of spatial 
pattern in the megafaunal assemblage at scales greater than 400 m may have been 
influenced by changes in the composition of the assemblage associated with a different 
sediment habitat rather than biotic interactions. 
The design of any ecological study is affected by spatial scaling (Wiens, 1989), 
particularly when attempting to elucidate the relationship between a process and the faunal 
response. Spatial autocorrelation in an assemblage implies that samples taken close 
together will underestimate faunal variability, while the lack of independence between 
samples affects the number of degrees of freedom used to calculate statistical significance. 
To sample spatial variation within the megafaunal assemblage in the present study, sample 
lag should be 86-123 m because there was no significant spatial autocorrelation of these 
samples in either year. Similarly, it would be imwise to collect samples within 63 m of 
each other because positive spatial autocorrelation coefficients imply that the samples 
would be more alike than expected by chance. Increasing sample lag to between 218-250 
m in the present study would encompass a greater proportion of faunal variability; thus the 
chances of incurring a Type I error are reduced (i.e. conclude a significant difference 
occurs when none exists). Investigation of megafaunal distribution patterns with limited 
resources should use replicate samples that are separated by at least 200 m to avoid 
confounding the survey objectives with spatial autocorrelation. 
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5.5 CONCLUSIONS 
The detection of significant spatial heterogeneity in the megafaunal assemblage from an 
area classified (using acoustic techniques) as apparently homogeneous muddy sand 
suggested that quantitative remote observations allow collection of megafaunal assemblage 
data with greater spatial resolution than previously possible. The scale of spatial 
heterogeneity in the megafaunal assemblage was similar to that of the macrofaunal 
assemblage in the same site, which indicates that the application of megafaunal assemblage 
distribution patterns may elucidate the processes that impose structure on infaunal 
assemblages. Acoustic ground discrimination systems provide a low cost method for 
determining broad-scale sediment distribution patterns, from which crude estimates of the 
distribution of associated fauna may be inferred. Conversely, grab-sampling provides high 
resolution data on the structure of macrofaunal assemblages, but at relatively high costs. 
The approach described in this paper offers ways forward to address how variation of 
megafaunal assemblages at intermediate spatial scales might be related to, and interact 
with, the physical characteristics and macrofaunal assemblage structure of subtidal sof^ 
sediment habitats. 
The significant between-year and between-station differences in megafaunal assemblage 
structure were best represented by changes in abundance of thalassinidean burrow 
openings and Lutraria lutraria siphons. The significant decrease in abundance of L 
lutraria between May 2000 and March 2001 is of interest because these large bivalve 
species may represent a large proportion of the megafaimal biomass. Investigation of the 
population size structure of L lutraria and estimates of their biomass will be presented in 
the following Chapter. 
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C H A P T E R 6 
Population size structure and biomass of 
Lutraria lutraria in Jennycliff Bay 
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ABSTRACT 
For marine benthic assemblages, assessment of biomass and oxygen consumption rarely 
includes the megafauna because the core samples that are collected and incubated to 
calculate sediment community oxygen consumption are not large enough to sample 
adequately the megafauna. Although megafauna contribute only a small proportion to total 
abundance, the contribution to total biomass, and hence respiration, may be much greater. 
This chapter investigates the population size structure of the megafaunal bivalve Lutraria 
lutraria by measuring the dimensions of the characteristic surface openings they produce, 
Biomass estimates were derived using size-weight relationships for a similar infaunal 
bivalve, Mya arenaria. The biomass estimates are associated with important caveats 
relating to the validity of applying size-weight relationships that were derived for a similar 
species and the extent to which the dimensions of surface openings relate to the width of 
the siphons. Hence, the contents of this chapter represent a proof of concept and the 
magnitude of the biomass estimates must be treated with caution. 
Nevertheless, gross estimates of Lutraria lutraria biomass and respiration were estimated 
over two years. Results suggest that the population size structure of L. lutraria in 
Jennycliff Bay was stable between years, despite significant between-year differences in 
abundance. Gross estimates of L lutraria biomass were 96.5 ±9.1 and 48.6 ±7.1 g AFDW 
per 0.5 m^ in May 2000 and March 2001 respectively, which represented approximately 
90% of the endobenthic biomass. Results indicate that the assessment of benthic biomass 
and respiration by consideration of macrofaunal samples alone will underestimate severely 
the biomass and respiration of the entire endobentic assemblage. 
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6.1 INTRODUCTION 
To understand the functioning of ecosystems requires detailed knowledge of rates of 
various processes, particularly of energy flow (Thurston et al., 1994). Although direct 
measurement of energy flow rates in benthic habitats is difficult, measurement of biomass, 
and the partitioning between different fractions of the fauna, is a viable alternative (Piatt, 
1985; Piepenburg el aJ., 1995). The quality and quantity of organic matter that reaches the 
seabed from the water column governs ultimately the total organic content of marine 
sediments (Graf et al., 1982; Grebmeier and McRoy, 1989). In turn, the supply of organic 
matter depends on a variety of factors including primary production, particle sinking, 
zooplankton grazing and lateral advection. Organic matter that reaches the seabed is 
partitioned between the fully decayed fraction (refractory), the labile fraction (food) and 
the fraction contained within the fauna themselves (i.e. standing crop biomass) (Graf, 
1992). To quantify the total organic content of sediments, and the pathways through which 
energy flows within and between the sediment and water column (i.e. benthic-pelagic 
coupling), the distribution and biomass of the key components of benthic and pelagic 
assemblages must be investigated. 
Energy flow through benthic assemblages has been estimated through measurement of 
sediment community oxygen consumption (SCOC), which represents an integrated 
measurement of chemical and biological oxygen uptake (Pfannkuche, 1993; Drazen et al., 
1998). SCOC is estimated from sediment cores that are incubated either in situ or under 
laboratory conditions. Normally, the sediment cores contain only the microbial, meio- and 
macrofaunal-sized fraction of the fauna because megafaunal-sized individuals are not 
sampled adequately by cores (Thurston et al., 1994). Indeed, any megafaunal and/or large 
macrofaunal individuals are usually removed from cores prior to incubation because their 
inclusion increases the magnitude of error terms around mean SCOC values. While SCOC 
estimates derived from short-lived macrofaunal-sized animals provide a measure of recent 
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carbon flux, the megafaunal-sized animals may represent a significant portion of the total 
biomass and, hence, community respiration (e.g. Schwinghamer, 1981). In addition, long-
lived megafaunal individuals effectively average water column processes over seasonal 
and annual time scales, thus indicating longer-term trends in ecosystem processes (e.g. 
Graf et al., 1982). To improve benthic-pelagic coupling models, therefore, quantitative 
methods to estimate the spatial distribution and biomass of megafaunal individuals are 
required (Piepenburg and Schmid, 1996). 
As megafaunal-sized individuals are not sampled adequately by traditional grab and core 
techniques (Thurston et al., 1994), remote imaging has been suggested as the most 
appropriate method of assessing the biomass of soi^ sediment megabenthic assemblages 
(Rice et al., 1982; Piepenburg et al., 1995). Remote camera systems have been used in this 
context as they may be deployed to collect epifaunal abundance data over a wide spatial 
extent where sample grain is larger than that of grabs and cores. To quantify energy flow, 
however, biomass must be estimated from individuals in images before carbon and oxygen 
uptake estimates may be derived. Remote imaging techniques have, thus far, been limited 
to estimating biomass of epifaunal species, such as ophiuroids, where biomass is 
extrapolated from the abundance and size distribution of individuals in images and size-
weight relationships that are determined from sledge catches (Piepenburg and von 
Juterzenka, 1994; Piepenburg and Schmid, 1996). 
The megafaunal assemblage in Jennycliff Bay was dominated by infaunal organisms, 
including the common otter shell {Lutraria littrarid) and thalassinidean mud shrimps 
(Chapter 4), so it was not possible to estimate the biomass of the dominant species through 
direct measurement of the individuals themselves. However, assuming that there is a 
relationship between the size of the burrowing individual and the size of the burrow they 
construct, the biomass of infaimal organisms may be extrapolated from measurements of 
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the surface openings. L lutraria is a deep burrowing suspension-feeding bivalve that 
maintains contact with the water column through inhalant and exhalent siphons that are 
fused together along their length (Holme, 1959). Each individual is associated with a 
single surface opening in which the siphon tips were usually visible in video images 
(Appendix I), so the abundance of surface features is equal to the abundance of individuals. 
The diameter of the siphons, and the permanent burrow that they occupy, may be used to 
estimate indirectly the shell dimensions and, hence, body weight, so the population size 
structure of L lutraha may be derived from abundance and size distribution of surface 
openings. 
In the follov^ng sections of this chapter, the distribution of biomass within the Lutraha 
lutraria population will be investigated using the size distribution of surface openings. To 
assess partitioning of biomass between different fractions of the benthic assemblage, gross 
estimates of L lutraria biomass will be derived as a measure of megafaunal biomass. 
Similarly, the rate of oxygen consumption by L lutraria wil l be estimated as a fimction of 
biomass to assess respiration of the megafaunal assemblage. 
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6.2 MATERIALS AND METHODS 
6.2.1 Survey location and design 
The population size structure of the common otter shell, Lutraria lutraria, in Jennycliff 
Bay was investigated using individuals from sample images recorded to investigate the 
spatial and temporal structure of the megafaunal assemblage (Chapter 5). A full 
description of the survey design and method for extracting still image samples from the 
videotape is provided in Section 5.2. The diameter of individual surface openings was 
measured from annotated still images to the nearest millimetre using Benthic Imager 
software (Section 2.2.3). The width of the siphon that created each burrow was assumed to 
be equal to the diameter of the surface opening because the siphons appear to be in contact 
with the sediment along their length. A similar method of using the diameter of empty 
burrow shafts to measiu'C indirectly the siphon width of Mya arenaria was proposed by 
Zwarts and Wanink (1989). 
6.2.2 Data extraction 
The relationship between siphon dimensions and shell length or body weight of Lutraha 
lutraria could not be quantified from the Jennycliff Bay population because insufficient 
numbers of individuals were recorded. There are also no data in the literature that relate 
the dimensions of siphons and shell size or body weight of other L lutraria populations. 
Consequently, the weight of each L lutraria individual was estimated by applying 
published conversion factors that relate siphon size and shell length and, subsequently, 
shell length and individual weight, which were derived for the sand gaper, Mya arenaria. 
Although L lutraria and M. arenaria are members of different Orders (Veneroida and 
Myoida, respectively), the morphology of each species is very similar (the species may be 
distinguished by the hinge teeth pattern [Gibson et al., 2001]). Consequently, the body 
size-weight relationships for M. arenaria provided a reasonable approximation for 
estimating L lutraria body size. 
149 
The relationship between siphon width and shell length in Mya arenaria, measured along 
the anterio-posterior axis, may be expressed as: 
Siphon width = 0.23 X (shell length)^'^' Equation 1 
(Zwarts and Wanink, 1989) 
where siphon width and shell length were measured in millimetres; r^=0.98 and number of 
individuals was 166 (Zwarts and Wanink, 1989). Equation I may be arranged so that shell 
length is the subject of the equation as follows: 
I I I u (siphon width ^  
Shell length = — 
^ ^ 0.23-
1 
° Equation 2 
The relationship between shell length and ash-free dry weight (AFDW) of Mya arenaria 
may be expressed as: 
log,o[AFDW]= -2.3948 + (3.2478x logio[shell length]) Equation 3 
(Warwick and Price, 1975) 
where AFDW and shell length were measured in grams and centimetres respectively; 
r^=0.987 and number of individuals was 20 (Warwick and Price, 1975). Equation 3 may 
be modified to calculate the AFDW of each individual as follows: 
AFDW = io(-2-3948+[3.2478xlog,„(shell length)]) Equ^ition 4 
The relationship between siphon width and AFDW for Mya arenaria may be calculated by 
substituting Equation 2 into Equation 4 to produce the following: 
(siphon width/0.23)' 
AFDW = 10 
-2.3948+ 3.2478xlog,o 
Equation 5 
where ash-free dry weight (AFDW) was expressed in grams and siphon width was 
measured in millimetres. 
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To estimate the contribution of Lutraria lutraria to carbon flux models, the conversion 
factor of carbon biomass from AFDW was derived from published biomass size classes 
(Geriach et al., 1985: Table 2, macrofauna): 
Carbon biomass = AFDW x 0.58 Equation 6 
To estimate the contribution of Lutraria lutraria to the benthic respiration, the AFDW of 
each individual was converted to oxygen consumption. As there are no published data on 
the relationship between individual weight and oxygen consumption for Lutraria lutraria, 
data relating individual weight and oxygen consumption in Mya arenaria, measured in the 
laboratory at 4.5 °C, were applied (Emerson et al., 1988): 
log]o[Oxygen consumption] = 0.461 + (0.558X logio[dry weight]) Equation 7 
(Emerson etal., 1988) 
where oxygen consumption was expressed in ^1 O2 h"' and dry weight was measured in 
milligrams; r^=0.75 (Emerson et al., 1988). In Mya arenaria, AFDW represents 15.6% of 
dry weight (Rumohr et al., 1987), so individual oxygen uptake may be derived from 
individual ash-free dry weight as follows: 
( ( r 1001^ "I 
0,558xlog,o AFDWx +0.461 
Oxygen uptake = 10^^ ^ ^ Equation 8 
where oxygen consumption (at 4.5°C) was expressed in ^1 O2 h"' and ash-free dry weight 
(AFDW) was measured in milligrams. 
The relationship between biomass and oxygen consumption was derived from data on Mya 
arenaria individuals at an ambient temperature of 4.5 **C, which is considerably lower than 
the 13-15 °C encountered by the megafaunal assemblage in Plymouth Sound in summer 
(Chapter 3). The effect of temperature on metabolic rate may be assessed by considering 
the Qio value, which represents the factor by which metabolic rate increases when ambient 
temperature is raised by 10 °C. For M arenaria in Chesapeake Bay, the Qio value was 
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between 2-3 (Kennedy and Mihursky, 1972), which indicates that the metabolic rate will 
either double or treble in response to a 10 **C increase in ambient temperature. Therefore, 
the estimated respiration rate of Lutraria lutraria (Equation 8) was multiplied by 2.5 
(median Qio value) to account for the difference in temperature between Jennycliff Bay 
and laboratory conditions. While the temperature correction applied by Qio values affects 
the magnitude of respiration rate estimates, the relative contribution of individuals to 
community respiration will be maintained (Schwinghamer et al., 1986). 
6.2.3 Data analysis 
To compare the population size structure of Lutraria lutraria in Jennycliff Bay between 
years, a size-frequency histogram was constructed. For both years, the siphon width 
measurements were used to allocate each individual to a siphon size class that ranged from 
10-30 mm in intervals of 2 mm. The equivalent shell length and ash-free dry weight 
(APDW) ranges associated with each siphon vsridth class were calculated, and displayed as 
secondary and tertiary abscissae. Histograms were constructed using both the abundance 
and proportion of the population in each size class. 
The relationships between siphon width, shell length and AFDW were generated from data 
on Mya arenaria populations in which the maximum shell length of individuals was 10 cm 
(Warwick and Price, 1975; Zwarts and Wanink, 1989), which corresponds to a siphon 
width equal to 15 mm. Size-weight relationships should not be applied to extrapolate 
estimates far beyond the size range from which the relationships were generated (Rumohr 
et al., 1987) because the range of data can affect significantly the linear regression used to 
derive the size-weight equation (Bland and Altman, 1986). The maximum siphon width of 
Lutraria measured in the present study was 28 mm, which extrapolates to an estimated 
shell length of approximately 20 cm (i.e. twice the size of individuals for which the size-
weight relationships were generated). In the present study, extrapolation of shell length 
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(and subsequently AFDW) from siphon width was restricted to a maximum estimated shell 
length equal to 12 cm (corresponding to 18 mm siphon width), beyond which the error may 
be too large. Consequently, all individuals whose siphon width exceeded 18 mm were 
pooled into a single siphon width group in the size-frequency histogram. 
To estimate the contribution of Lutraria lutraria to the total benthic biomass and infaunai 
assemblage respiration of Jennycliff Bay, the biomass and respiration rate of the L lutraria 
population was calculated. Biomass was calculated by summing the weight of all 
individuals whose estimated shell length did not exceed 12 cm in each sample. Similarly, 
the respiration rate of the L lutraria population was calculated by summing the 
corresponding individual oxygen consumption estimates (Equation 8). A conservative 
estimate of the weight and respiration rate of individuals whose estimated shell length 
exceeded 12 cm was achieved by using a standard individual with estimated shell length 
equal to 12 cm. Accordingly, the standard individual AFDW was equal to 13.0 g 
(Equation 4) and individual respiration rate was equal to 4.0 mlOzh"* (Equation 8). The 
contribution of individuals whose estimated shell length exceeded 12 cm was calculated by 
multiplying the abundance by the appropriate weight or respiration value, which was added 
to the relevant sample. Subsequently, mean biomass and respiration rate per 0.5 m^ sample 
was calculated. 
Two-way crossed ANOVA tests were used to identify between-year and between-station 
differences in the mean Lutraria lutraria biomass and respiration, where year and station 
were fixed factors. Pairwise tests using Tukey's HSD were used to identify which stations 
were significantly different from each other. 
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6.3 RESULTS 
6.3.1 Body size distribution of the Lutraria lutraria population 
The size-frequency distribution of biomass in the Lutraria lutraria population was similar 
in both years despite large between-year differences in abundance (Fig. 6.1, Chapter 4). 
The L. lutraria population size-frequency histograms for May 2000 and March 2001 
consisted of 1312 and 575 individuals, respectively, which were observed in seventy-three 
and seventy-two 0.5 m^ grain samples, respectively. Of these, 142 individuals in May 
2000 and 80 individuals in March 2001 had siphon width measurements greater than 18 
mm (corresponding to an estimated shell length that exceeded 12 cm), and, therefore, 
AFDW was not extrapolated for these individuals (Section 6.2.3). Although individuals 
whose estimated shell length exceeded 12 cm represented less than 10% of the population 
in both years, the contribution of these individuals to total biomass estimates must be much 
greater. 
In each year, the modal siphon width class was 10-12 mm (equivalent 1.6-3.1 g AFDW), 
which accounted for 43 and 33% of individuals in May 2000 and March 2001, respectively 
(Fig. 6.1). In May 2000, the median individual estimated AFDW was 4.1 g compared with 
5.3 g in March2001, 
154 
« 400 
10-12 12-14 14-16 16-18 >18 
§ 1 
z 
a. 
5 
— 
10-12 12-14 14-16 16-18 
Siphon width (mm) 
>18 
May 2000 March 2001 
Figure 6 1: Size-frequency histogram of the iMtraria lutraria population in Jennycliff 
Bay based on siphon width measurements 
Table 6 1: Equivalent shell length and AFDW values corresponding to the siphon 
width groups, extracted from equations 2 and 5 respectively (Warwick and Price, 
1975; Zwarts and Wanink, 1989) 
Siphon width (mm) 10-12 12-14 14 16 16-18 •18 
Shell length (cm) 6.3-7.7 7 7-9.1 9.1-106 10.6-12.0 >I2.0 
Ash-free dry weight (g) 1.6-3.1 3 1-5.3 5.3-8.6 8.6-13.0 >13.0 
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6.3.2 Estimates of Lutraria lutraria biomass and respiration 
There were significant between-year and between-station differences in estimates of 
Lutraria lutraria biomass (Table 6.2). The significant interaction term (i.e. Year x Station) 
indicated that between-station differences were not consistent between years and the 
distribution of biomass in the L lutraria population between-stations was not consistent 
temporally. 
Table 6.2: Results from 2-way crossed ANOVA of Lutraria lutraria biomass per 0.5 
m^ sample. Al l factors were fixed. Bold values indicate significant differences, p < 
0.05. 
df MS F-ratio value 
Year 1 64331 60.70 <0.000 
Station 3 9171 8.65 <0.000 
Year x Station 3 2903 2.74 0.046 
The significant differences detected in gross estimates of Lutraria lutraria biomass were 
reflected in gross estimates of L. lutraria respiration, which was calculated as a fijnction of 
individual body size (Equation 8). 
Table 6.3: Mean (±95% CI) biomass and metabolism of Lutraria lutraria per 0.5 m'^  
sample from Jennycliff Bay in each survey year. AFDW (ash-free dry weight) derived 
from equations based on surface opening measurements (Zwarts and Wanink, 1989 
and Warwick and Davies, 1977). Individuals greater than 12 cm shell length were 
assigned standard AFDW equal to 13.0 g. AFDW estimates were used to derive 
estimates of individual dry weight and carbon biomass (Rumohr et al., 1987) and 
oxygen consumption at 14.5°C with Qio correction applied (Equation 8; Emerson et 
al., 1988). 
May 2000 March 2001 
n = 73 n = 72 
AFDW biomass (g) 
Dry weight biomass (g) 
Carbon biomass (g) 
Oxygen consumption (ml O2 h~') 
96.5 ±9.1 48.6 ±7.1 
618.7 ±58.5 311.1 ±45.4 
56.5 ±5.3 28.4 ±4.1 
4I.9±3.9 23.5 ±1.2 
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In May 2000, estimates of AFDW biomass per unit area and, hence, dry weight, carbon 
biomass and respiration rate were approximately double those in March 2001 (Table 6 3) 
In May 2000, the mean Lutraria lutraria biomass per sample was significantly higher at 
the Fyirix station than at all other stations, which were not significantly different from each 
other In March 2001, however, the mean A. lutraria biomass per sample was significantly 
lower at the Nearshore station compared to all other stations, which were not significantly 
different from each other (Fig 6 2) The spatial and temporal differences in gross biomass 
estimates reproduced the pattern of L. lutraria abundance (Fig. 6.7), suggesting that the 
larger biomass per unit area in May 2000 was due to greater abundance rather than the 
same number of larger individuals (Section 6 3 1 and Chapter 5) 
licacon Central Fylnx 
Station 
Ncarshore 
• May 2000 B March 2001 
Figure 6 2 Mean (±95% CI) Lutraria lutraria biomass estimate per 0 5 m^ sample in 
Jennycliff Bay Asterisks denote significant between-year differences in biomass at 
each station (Tukey's HSD) 
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6.4 DISCUSSION 
6.4.1 Contribution of Lutraria lutraria to endobenthic biomass 
In Jennycliff Bay, the population size structure of Lutraria lutraria, derived from 
measurements of characteristic surface openings, was stable between years despite 
significant between-year differences in population abundance. The biomass and, hence, 
respiration rate attributed to the L. lutraria population in each year differed significantly. 
The fact that the sample locations overlapped between years (Fig. 5.1) suggests that the 
between-year differences in population size structure and biomass estimates were real 
events rather than an artefact of the survey design. The siphon tips of L. lutraria were the 
most abundant megafaimal features detected in ROV images, representing 77.6 and 59.3% 
of epifauna and burrow openings in May 2000 and March 2001, respectively, so the 
biomass of L. lutraria may be a reasonable approximation of total megafaunal biomass in 
Jennycliff Bay. The abundance of other megafaimal features, such as thalassinidean 
burrow openings, was sufficiently large to indicate that the biomass of L lutraria 
represents a conservative estimate of megafaunal biomass in Jermycliff Bay. 
The magnitude of the Lutraria lutraria biomass estimates, presented in the current chapter, 
becomes more relevant when considering the contribution to the total endobenthic biomass 
of Jennycliff Bay. Although no macrofaunal samples were collected together with ROV 
deployments, boxcore samples collected during July 1995 to investigate small-scale 
patterns in assemblage structure provide a convenient approximation. The sample grain of 
the boxcore was 0,1 m^, which may be expected to sample adequately the small- and 
mediimi-bodied macrofauna while under-sampling megafaimal-sized individuals (Kendall, 
unpublished data). To allow direct comparison wdth L. lutraria biomass estimates, mean 
macrofaunal AFDW biomass was calculated by multiplying individual abundance by the 
appropriate biomass (Kendall, impublished data) and conversion factor (Rumohr et al,. 
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1987); thus estimated macrofaunal biomass was 6.3 ±2.3 g AFDW 0.5 m"^ (mean ±95% 
confidence) (Table 6.4). 
Lutraria lutraria individuals represented, on average, 94 and 89% of endobenthic biomass 
in May 2000 and March 2001, respectively, assuming that the macrofaunal AFDW in both 
years was equivalent to that estimated from boxcore samples (Table 6.4). The evidence 
presented in the current chapter, therefore, indicates that the megafaunal bivalve, L 
lutraria, is a significant component of endobenthic biomass in Jennycliff Bay and that 
assessment of biomass using macrofaunal samples only under-estimates severely total 
endobenthic biomass, and hence respiration, in shallow subtidal soft sediment habitats. 
Table 6.4: Contribution of Lutraria lutraria to total endobenthic AFDW biomass in 
Jennycliff Bay. Mean (±95% CI) Lutraria AFDW estimate from the present study and 
mean (±95% CI) macrofaunal AFDW estimate extrapolated from 0.1 m^ boxcore 
sampling in July 1995, n = 9 (Kendall, unpublished data). Sample grain equals 0.5 m^. 
May 2000 March 2001 
Macrofaunal AFDW (g) 
Lutraria lutraria AFDW (g) 
Average Endobenthic AFDW (g) 
Endobenthic AFDW range (g) 
Average Lutraria lutraria proportion (%) 
Lutraria lutraria proportion range (%) 
6.3 ±2.3 6.3 ±2.3 
96.5 ±9.1 48.6 ±7.1 
102.8 54.9 
91.4-114.2 45.5-64.3 
93.9 88.6 
91.0-96.4 82.8-93.3 
Assessment of whether the pattern of endobenthic biomass partitioning, reported in the 
current chapter, is found at other locations is problematical because there are few studies 
where both the macro- and megafauna are sampled concurrently. Examples of locations 
where biomass partitioning between macro- and megafaunal components of marine benthic 
assemblages has been investigated are shown in Table 6.5. In Jennycliff Bay, the gross 
estimates of AFDW biomass and the megafaunal contribution to endobenthic biomass 
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(Table 6,4) were much greater than at any of the other locations in which biomass 
partitioning had been investigated (Table 6.5). Benthic-pelagic coupling, whereby, 
primary production, local hydrography, sedimentation and zooplankton grazing rates 
influence the quantity and quality of organic matter reaching the benthos (Grebmeier and 
McRoy, 1989) may explain the apparent differences in biomass estimates and partitioning 
patterns. In Jennycliff Bay, the organic content of the water column may be expected to be 
high because of the high organic content of the water in the Tamar and Plym rivers (0.3-3 
mg C r ' [Morris et al., 1982]) both of which discharge into Plymouth Sound. 
Table 6.5: Megafaunal contribution to endobenthic biomass (retained on 500nm mesh) 
at various locations. Water depth at each location is displayed in parentheses, 
Biomass was expressed as ash-free dry weight (AFDW); f indicates AFDW was 
derived from carbon mass, J indicates AFDW was derived from wet weight. Mean 
(±95% confidence interval) values are marked with an asterisk. 
Endobenthic Megafaunal Minimum 
Location biomass proportion megafaunal Reference 
(g/0.5 m^) (%) individual (mg) 
Northumberland 
(80 m) 
1.98 52.2 too 
Buchanan and 
Warwick (1974) 
Helgoland 
Bight (34 m) 
17.8^ 24.8 17.1^ 
Gerlach et al. 
(1985) 
Kiel Bay (34m) 52.0^ 42.0 17.1^ 
Gerlach et al. 
(1985) 
Barents Sea 
(246 ±108 m*) 
8,70 ±5.7* 35.9 ±23.3* 55^  
Piepenburg et al. 
(1995) 
Lutraria lutraria is a long-lived suspension-feeding bivalve that removes organic material 
from the water overlying the sediment-water interface, so the organic content of the water 
column may be particularly important in determining the L. lutraria population biomass. 
In Jennycliff Bay, the water depth was relatively shallow (10-15 m) compared to the other 
locations (Table 6.4), so benthic-pelagic coupling may be stronger at Jennycliff Bay 
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because of the shorter distance through which organic matter must pass before reaching the 
sediment-water interface. An additional factor that may explain the high megafaunal 
biomass at Jennyclifif is the low rate of physical disturbance. Jennycliff Bay has a 
quiescent hydrodynamic regime and demersal trawling is prohibited, so the probability of 
disturbance to established L lutraria individuals would be low. The long life expectancy 
of L lutraria is well suited, therefore, to allow established individuals to flourish under the 
conditions of high organic content of the water column and low rales of physical 
disturbance. 
6.4.2 Sources of error in biomass estimation 
Benthic-pelagic coupling may be sufficient to support the high estimated Lutraria lutraria 
biomass in Jennyclifif Bay, yet biomass estimates may contain artefacts resulting from the 
various assumptions made in the methodology of the current chapter. These assumptions 
may have significant effects on estimation of biomass and partitioning and will be 
addressed in the following paragraphs. 
In the present chapter, individual Lutraria lutraria weight was calculated from 
measurement of siphon width, which was assumed to equal the diameter of the surface 
opening. However, the surface openings may slump to form a funnel-shaped opening 
rather than a vertical shaft (Chapter 4), so the surface opening diameter may be greater 
than the siphon width of the individual occupying the burrow. Consequently, measurement 
of surface openings affected by sediment slumping will produce the maximum estimate of 
individual weight, which will be carried through to gross estimates of biomass. To 
simulate the effect of sediment slumping on measurement of siphon width, estimates of 
biomass may be derived using siphon width measurements that are 75% of the value 
recorded by Benthic Imager. The resultant gross biomass estimates produced by coarse 
simulation of sediment slumping were 38.4 ±4.0 and 19.0 ±3.0 g AFDW 0.5 m"^ in May 
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2000 and March 2001, respectively, indicating that the L lutraria biomass was greater than 
that of the megafaunal assemblage at any of the stations in Table 6.4. 
The approximation of macrofaunal biomass was associated with caveats relating to 
scaling-up of biomass estimates from individual boxcore samples and assuming that 
macrofaunal biomass estimates were not affected by temporal variation between sampling 
dates. The macrofaunal biomass estimate was calculated from boxcore samples with 
sample grain equal to 0.1 m^, and was multiplied by a factor of five to achieve the same 
sample grain as used for estimating L lutraha biomass. Scaling-up of biomass estimates 
in this way assumes faunal homogeneity at sub-metre scales, which could not be 
investigated with the current data set. However, macrofaunal heterogeneity on sub-metre 
scales may not affect significantly mean biomass estimates; rather the variance might be 
expected to increase. The estimated macrofaunal component of endobenthic AFDW 
biomass used in the present study (6.3 g AFDW) was similar to the locations listed in 
Table 6.4 (0.95, 8.5, 17,52 and 5.58 g AFDW, respectively), which indicates that the 
macrofaunal biomass estimate was of a realistic magnitude. Macrofaunal assemblage 
structure, and hence biomass, within Jennycliff Bay has been stable temporally over the 
past 10 years (Kendall, unpublished data), which suggests that the macrofaunal biomass in 
May 2000 and March 2001 may be similar to that derived from boxcore sampling in July. 
Errors associated with estimating biomass of either or both of the macrofauna and Lutraria 
lutraria wil l affect the magnitude of endobenthic biomass estimates, but the average 
contribution of L lutraria to endobenthic biomass partitioning was greater than 60%, even 
under the most severe simulation conditions applied (Table 6.5). Consequently, the 
general conclusion of the present chapter remains: the megafaunal bivalve L lutraria is the 
dominant component of endobenthic biomass in Jennycliff Bay and assessment of biomass 
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using macrofaunal samples alone under-estimates severely the total endobenthic biomass, 
and hence respiration, in shallow subtidal soft sediment habitats. 
Table 6.6: Contribution of Lutraria lutraria to total endobenthic AFDW biomass in 
JennyclifFBay. Mean (±95% CI) Lutraria AFDW estimate accounting for slumping of 
the sediment surface and mean (±95% CI) macrofaunal AFDW estimate extrapolated 
from 0,1 m^ boxcore sampling in July 1995 (Kendall, unpublished data). Sample grain 
equals 0.5 m^. 
May 2000 March 2001 
Macrofaunal AFDW (g) 
Lutraria lutraria AFDW (g) 
Average Endobenthic AFDW (g) 
Endobenthic AFDW range (g) 
Average Lutraria lutraria proportion (%) 
Lutraria lutraria proportion range (%) 
6.3 ±2.3 6.3 ±2.3 
38.4 ±4.0 19.0 ±3.0 
44.7 25.3 
38.4-51.0 20.0-30.6 
86.0 75.1 
80.0-91.4 65.0-84.6 
6.4.3 Validity of estimating biomass from size-weight relationships 
6.4.3.1 Lutraria lutraria biomass estimates 
The Lutraria lutraria biomass data presented in the present chapter were calculated by 
applying size-weight relationships that were determined specifically for Mya arenaria. 
Although L. lutraria and M. arenaria are members of different bivalve orders (Veneroida 
and Myoida, respectively), the morphology of each species is very similar (the species may 
be distinguished by the hinge teeth pattern [Gibson et al., 2001]), so size-weight 
relationships for M arenaria provide a reasonable approximation for estimating I . lutraria 
body size. The conversion factors from siphon width to shell length (Zwarts and Wanink, 
1989), and from shell length to AFDW (Warwick and Price, 1975), were developed for 
individuals up to 90 and 100 mm shell length, respectively. The high r^  values associated 
with these relationships (Section 6.2.2) indicated that the majority of natural variation 
between individuals up to 100 mm shell length was accounted for. It was not possible to 
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clarify the robustness of size-weight relationships for individuals greater than 100 mm 
shell length, which were encountered in the present study, so a standard-sized individual 
was defined for all individuals for whom estimated shell length exceeded 120 mm. Ideally, 
size-weight relationships for L lutraria across the entire shell size range would be 
determined, but insufficient individuals were collected for this to be achieved. 
Consequently, L lutraria biomass estimates presented in the current chapter may be 
conservative, as the weight of individuals with shell length greater than 120 mm has been 
under-estimated. 
(5.4.3,2 Thalassinidean mud shrimp biomass estimates 
In both years, the siphon tips of Lutraria lutraria were the most abundant megafaunal 
features detected in ROV images. However, the abundance of thalassinidean mud shrimp 
burrows (Chapter 5) suggested that these crustaceans may make a further significant 
contribution to the total megafaunal biomass. Positive relationships between 
thalassinidean, particularly callianassid, burrow dimensions and burrow inhabitants have 
been described, where individual carapace length was related significantly to the diameter 
of tunnels and inhalant shafts (Rowden and Jones, 1995). However, estimates of 
thalassinidean biomass were not derived in the present chapter because only the surface 
openings can be measured fi-om ROV images; tunnels are below the sediment surface, 
while inhalant shafts form ftmnel-shaped openings at the sediment surface (Atkinson and 
Nash, 1990). The ftinnel-shaped openings appear to form through sediment slumping at 
the surface rather than active construction by the burrow inhabitant (Rowden and Jones, 
1995), so there is no general relationship between fijnnel diameter and inhalant shaft 
diameter. In addition, while surface feauires may be used to infer the identity of species, it 
is not possible to use counts of features to make an absolute estimate of abundance because 
burrows have a variable number of openings (Nickell and Atkinson, 1995). Nevertheless, 
thalassinidean population size structure may be compared at local scales because sediment 
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granulometry and hydrography affect the degree of sediment slumping and number of 
openings per burrow. However, the confidence that may be placed in estimates of 
thalassinidean biomass will be low. Consequently, biomass of Lutraria lutraria, which 
were derived from robust size-weight relationships, may be considered as a reasonable i f 
somewhat conservative, estimate of megafaunal biomass in Jennycliff Bay. 
6.4.4 Interpretation of size-frequency histograms 
6.4.4. ] Temporal stability of size-frequency histograms 
The size-frequency histograms presented in the current chapter showed that the 
distribution of biomass within the population was stable between years. To reduce the 
effects of natural variation on the structure of size-frequency histograms, a minimum of 
500 individuals should be used to construct population size-frequency histograms (Grant 
et al., 1987). The number of Lutraria lutraria individuals included in the size-frequency 
histograms that are presented in this chapter was 1312 and 575 in May 2000 and March 
2001, respectively, which provides assurance that the temporal stability of the population 
was not an artefact of the survey design as the same area was covered in both years. 
To construct size-frequency histograms of the thalassinidean population, the maximum 
possible number of individuals would be obtained by assuming that each individual 
constructed one inhalant shaft with associated surface opening. Although the maximum 
possible number of individuals was 180, thalassinideans usually have 2-3 openings per 
burrow (Nickell and Atkinson, 1995; Hall-Spencer and Atkinson, 1999), which 
corresponds to 60-90 individuals. In Jennycliff Bay, therefore, there were insufficient 
numbers of burrows detected in ROV images from which to construct size-frequency 
histograms for the thalzissinidean population. To recorded sufficient burrow openings to 
construct size-frequency histograms of the thalassinidean population, therefore, the area 
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surveyed must be increased either by increasing sample grain or collecting more samples 
i.e. decrease sample lag. 
6.4.4.2 Detection of population recruitment 
To estimate population dynamics and production from size-frequency histograms, the 
number of age classes and the proportion of the population in each age class is required 
(Crisp, 1984; Grant et al., 1987). In the present study, the minimum size of surface 
opening (=siphon width) considered was 1 cm to ensure that small features were detected 
consistently in ROV images (Chapter 5). Size-frequency histograms produced from ROV 
observations cannot detect real recruitment of Lutraria lutraria, because the size of 'O' 
class individuals falls below the 1 cm siphon width threshold. However, apparent 
recruitment may be detected in size-frequency histograms because individuals that were 
below I cm siphon width in May 2000 may have grown sufficiently to be detected in 
March 2001, 
6.4.4.3 Between-year difference in population abundance 
In March 2001, the number of Lutraria lutraria siphon tips detected was approximately 
half that detected in May 2000. The between-year difference in abundance may have 
resulted from low survival of the smallest individuals (siphon width 10-12 mm) or 
mortality within all size classes in the population. Survival of the smallest individuals did 
not cause the between-year differences in abimdance because the population size structure 
was similar between years; hence, the population may have declined in response to a 
mortality event that acted on individuals of all sizes. Although the agent responsible for a 
mortality event is unknown, high numbers of dead and moribund L. lutraria were collected 
in benthic trawls after a large phytoplankton bloom {Phaeocystis sp.) occurred between the 
years surveyed (author's personal observation). The sediment surface may become anoxic 
as phytoplankton blooms decay, while Phaeocystis sp. also releases toxins into the water 
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column (Aanensen et al,, 1998), both of which may influence the survival of infaimal 
organisms. Lutraria lutraria may be particularly susceptible to the Phaeocystis sp. bloom 
because their low mobility v^thin the burrow (Holme, 1959) restricts their ability to avoid 
unfavourable conditions. 
6.4.5 Modelling energy flux through ecosystems 
In the present chapter, the estimated biomass of Lutraria lutraria represented a significant 
proportion of the endobenthic biomass in Jennycliff Bay. The repercussions of excluding 
megafaunal biomass from estimates of endobenthic biomass are particularly relevant when 
constructing models of energy flux through ecosystems. The European Regional Seas 
Ecosystem Model I I (ERSEM II) aims to describe the benthic and pelagic ecosystems and 
the coupling between them, modelling the North Sea with a spatial resolution of T latitude 
X r longitude (Baretta et al,, 1995). Macrofaunal biomass estimates are the main output of 
the benthic biological submodel, where the benthic habitat consists o f three layers 
(oxygenated, oxidised and reduced) through which organic detritus is distributed. 
Although ERSEM I I produces qualitatively correct results at a broad scale, the model 
under-predicts consistently macrofaunal biomass in areas where measured biomass 
exceeds approximately 13 g C m"^ (Blackford, 1997). In Jennycliff Bay, the estimated 
carbon biomass of L lutraria was between 4—9 times greater than the threshold below 
which the model provided an adequate representation of field data, which suggests that the 
megafaunal role in benthic ecosystems and models should be investigated frirther. A 
sampling programme that integrated megafaunal-sized organisms with the macro- and 
microfauna may contribute to the "synthesis of process measurements, fitting and educated 
guesswork" (Blackford, 1997) on which modelling of energy flow through ecosystems is 
currently based. 
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In recent years, the biological processes operating within ecosystems, particularly pelagic 
ecosystems, have been modelled using body size distributions as an indicator of process 
rate (Moloney and Field, 1991; Gin et al., 1998). Benthic biomass distributions have been 
investigated for meio-and macrofauna-sized animals, in which a characteristic bimodal 
pattern separates meio- and macrofauna (Schwinghamer, 1981; Warwick, 1984). In the 
present study, the median-sized Lutraria lutraria individual would fall within geometric 
{^2) body size class 32, which is beyond the normal range of macrofaunal-sized species 
(Kendall et al., 1997). The addition of other megafaunal-sized species present in the 
Jennycliff Bay assemblage, such as thalassinideans and Acanthocardia sp., may result in a 
second biomass minimum between macro- and megafauna, which provides fiirther 
evidence that the megafauna may form another ftmctional component distinct fi^om the 
macro-and meiofauna (Lampitt et al., 1986; Parry et al., 1999). 
6.4.6 Suggestions for sampling endobenthic biomass and respiration 
In the present study, estimates of Lutraria lutraria biomass, and the partitioning of 
biomass within the endobenthic fauna, were obtained for Jennycliff Bay, a shallow muddy 
sand substratum. While biomass is influenced primarily by food supply fi-om the pelagic 
zone (Grebmeier and McRoy, 1989), the pattern of biomass partitioning may be related to 
sediment granulometry (Piepenburg et al., 1995). To investigate the role of megafaunal 
individuals in energy flux though marine ecosystems, therefore, ftirther investigations are 
required to assess megafaunal biomass in a variety of sediment habitats. However, an 
inter-disciplinary sampling strategy that accounts adequately for all size fi-actions of the 
fauna would be required to elucidate fully the patterns of biomass partitioning in a variety 
of soft sediment assemblages. 
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6.5 CONCLUSION 
In Jennycliff Bay, the population size-frequency structure of Lutraria lutraria, derived 
from measurements of surface openings, was stable between May 2000 and March 2001 
despite significant between-year differences in population abundance. The estimated 
biomass of L. lutraria represented at least 90% of the endobenthic biomass, which suggests 
that assessment of community oxygen uptake based on SCOC measurement alone 
underestimates severely the total benthic community oxygen consumption. To quantify the 
flux of energy through marine benthic ecosystems, an inter-disciplinary sampling strategy 
that accounts for all size fractions of the benthic assemblage is recommended. Observation 
of epifauna and sediment structures associated with burowing megafauna by ROV offers a 
way forward to estimate megafaunal biomass, and hence oxygen consumption, which may 
improve models of energy flux through marine ecosystems. 
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C H A P T E R 7 
General discussion and conclusions 
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7.1 INTRODUCTION 
This thesis has demonstrated that the abundance, spatial distribution and biomass of 
epibenthic and conspicuous infaunal megafauna may be assessed using quantitative 
underwater observatibns^from a remotely operated vehicle. This chapter provides an 
overview of the way in which the work described in earlier chapters has advanced 
quantitative underwater observation techniques and presents an assessment of the ways in 
which observations have advanced understanding of the distribution and functioning of 
soft sediment assemblages. 
7.2 A D V A N C E S IN R E M O T E IMAGING T E C H N I Q U E S 
The Automated Benthic Image Scaling System (ABISS) (Chapter 2) has advanced remote 
underwater imaging techniques by allowing rapid calculation of image scale that can be 
applied across the whole image, accounting for variations due to perspective. Rapid 
calculation of image scale is vital for underwater observations because, to investigate 
faunal assemblages quantitatively, the sample grain (i.e. area of seabed in the image) must 
be determined and maintained throughout a particular study. Traditionally, image scale is 
calculated using camera-object distance and inclination angle that are maintained by 
contact with the seabed, which is impossible with freely-moving cameras mounted on 
ROVs and manned submersibles. The ABISS now provides flexibility of camera 
movement (for use in topographically complex areas) with the ability to scale images. 
Underwater cameras equipped with the ABISS may, therefore, be deployed on Remotely 
Operated Vehicles (and manned submersibles) without making contact with the seabed, 
allowing quantitative non-destructive observations that minimise sediment resuspension 
and the ability to observe features from a variety of angles to assist with identification. By 
calculating image scale for each image independently, the ABISS allows sample grain to 
be defined within individual images, or to be controlled a posteriori by analysing 
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contiguous images; hence quantitative data may be extracted fi-om underwater images to 
investigate megafaunal abundance and distribution pattems. 
Megafauna have been defined as those organisms large enough to be observed by a camera 
(Grassle et al., 1975), while meio- and macofauna are defined using the size of sieve mesh. 
In reality, the megafaunal definition cannot be supported because the absolute dimensions 
of an organism on an image depend upon image resolution, which, in turn, is a fionction of 
camera-object distance, acceptance angle and camera inclination angle (Chapter 2). The 
ABISS calculates pixel footprint, a measure of image resolution (Section 2.3.3.2), fi-om 
which the minimum size of organism detected consistently in images may be estimated. 
Hence, the megafaunal definition is refined and strengthened because the absolute size of 
individual/feature considered may be imposed, allowing images without the appropriate 
resolution to be rejected. In this thesis, epibenthic megafaunal individuals and biotic 
sediment structures associated with burrowing megafauna were considered only i f the 
diameter exceeded 10 mm. A consistent definition of megafaunal size provides rigor to 
spatial and temporal comparisons of megafaunal assemblages that was unobtainable 
previously. Hence, between-year differences in megafaunal abundance and spatial pattern 
reported in this thesis were real events rather than variation in the ability to detect features. 
The ABISS afforded additional benefits to underwater observations because the ability to 
measure surface features assisted with their identification. The majority of biotic features 
encountered could be attributed to different burrowing species using published descriptions 
of shape and size (Atkinson and Nash, 1985; Nickell and Atkinson, 1995; Marrs et al., 
1996), but there were a number of features whose identity could not be determined with 
confidence. Hence, unidentified surface features were given a consistent temporary name 
(e.g Unknown bivalve 1) and described by their shape and size as measured fi-om Benthic 
Imager software (Section 5.2.3). As quantitative underwater observations are extended to 
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different benthic habitats, there will be more megafaunal surface features for which species 
identity cannot be resolved, so it will be important to develop the image library begun 
during research for this thesis (Appendix 1). 
Although the ABISS was developed primarily to provide scale in images, the operational 
capabilities of the ROV were enhanced because the pattern of laser spots provided a real-
time visual reference that assisted the pilot in maintaining camera orientation during ROV 
deployment. In so doing, the ABISS maximised the proportion of videotape in which 
images were acceptable for analysis shortening analysis time in the laboratory. The ABISS 
was developed specifically for deployment on an ROV-mounted underwater camera, but 
the principles of image scale calculation apply to all methods of camera deployment. 
Hence, quantitative megafaunal observations may be made using any underwater camera 
that is deployed in conjunction with the ABISS. 
7.3 M E G A F A U N A L A S S E M B L A G E S T R U C T U R E AND FUNCTION 
7.3.1 Spatial pattern of the megafaunal assemblage 
The spatial pattern of the Jennycliff Bay megafaunal assemblage was neither uniform nor 
stable temporally within an area of homogeneous muddy sand; a hierarchy of spatial 
structure was detected, in which patches with a minimum radius between 123-163 m were 
nested within patches of up to 400 m radius. The image scaling and position-fixing 
techniques developed in this thesis have great potential for deployment in future studies of 
the scale of megafaunal variation within soft sediment habitats. 
The spatial scale of variation within the megafaunal assemblage, investigated in this thesis, 
was similar to that of the macrofaunal assemblage of the same area of Jennycliff Bay that 
was sampled using a complex array of diver collected cores in July 1995 (Kendall and 
Widdicombe, 1999). The similar scales of variation between the macro- and megafaunal 
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components suggests that: 1) the megafaunal assemblage influences the structure and 
composition of macrofaunal assemblage; or 2) the macrofaunal assemblage influences the 
structure and composition of megafaunal assemblage; or 3) both macro- and megafaunal 
assemblages respond to physical structuring processes in a similar manner, or 4) that a 
combination of interactions influence the structure of the total benthic assemblage. To 
elucidate the processes structuring benthic assemblages, the physical and biological 
characteristics of habitats should be investigated concurrently using spatially referenced 
samples within a wide survey extent. Deployment of the ABISS vAxh underwater cameras 
mounted on grabs and/or corers would allow the structure and composition of macrofaunal 
assemblages to be placed in context with the structure and composition of the associated 
megafaunal assemblage. 
7.3.2 The role of megafauna in ecosystem function 
The full importance of the megafauna in the fiinctioning of benthic assemblages is not 
appreciated at present. It is evident from Chapter 6 that megafaunal species make a 
significant contribution to endobenthic biomass and respiration. Such data are required for 
an appreciation of energy and nutrient flux at the sediment-water interface. Chapter 6 
showed that it is relatively straightforward to use ABISS to estimate and map benthic 
biomass of some megafaunal species. This approach is novel. In Chapter 6, the biomass 
of the infaunal bivalve Lutraria lutraria was estimated from measurements of its 
characteristic siphon opening and size-weight relationships for a similar species, Mya 
arenaria. The size and shape of L. lutraria is broadly similar to that of M arenaria and so 
estimates of biomass and respiration are considered broadly appropriate but there would be 
greater confidence i f species specific data had been available. Similarly, size-weight 
relationships for other common megafaunal organisms should be developed beyond 
existing data for ophiuroids (Piepenbiu-g et al., 1997), infaunal bivalves ( M arenaria 
[Warwick and Price, 1975; Emerson et al., 1988; Zwarts and Wanink, 1989], Scrobicularia 
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plana and Macoma balthica [Zwarts et al., 1994]) and thalassinidean shrimps (Witbaard 
and Duineveld, 1989; Richardson et al., 2000). Furthermore, it would be necessary to 
investigate the way in which local factors relating to the physical properties of sediment 
might modify any broad relationship between the size of surface openings and individual 
weight. 
In addition to contributing a significant proportion of endobenthic biomass, some 
megafaunal species also have a strong influence on ecosystem structure and function. For 
example, suspension feeding bivalves and some infaunal shrimps (e.g Upogebia deltarua) 
extract food particles and planktonic larvae from the water column, which enhances the 
flux of energy across the sediment-water interface and influences the composition of the 
local assemblage (Woodin, 1976). Additionally, bioirrigation of burrows (Graf, 1992) may 
increase the depth that oxygen penetrates into the sediment fabric thereby increasing the 
depth (i.e. volume) to which bacteria, meiofauna and macrofauna may respire aerobically. 
In contrast, sediment reworking by thalassinideans during burrow construction and 
maintenance (Rowden et al., 1998) may influence sediment permeability and oxygenation 
(Meadows and Tait, 1989; Meadows and Meadows, 1991), settlement and survival of post-
larvae (Posey et al., 1991) and interfere with nearby suspension feeders (Rhoads and 
Young, 1970). The direct and indirect mechanisms by which megeifaunal species influence 
ecosystem processes have been demonstrated for a variety of species, yet the rate at which 
megafaunal species affect ecosystem processes may be related to the size distribution 
(Rowden et al., 1998), as well as the abundance, o f individuals. The ABISS enhances 
underwater observations because the size-frequency distribution of individuals or biotic 
features may be determined in addition to their abundance. Hence, spatial variation in the 
composition and size-frequency distribution of the megafaunal assemblage may be used as 
a surrogate to predict the spatial variation of certain ecosystem process rates. 
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7.4 IMPLICATIONS FOR QUANTIFYING SPATIAL S T R U C T U R E IN 
B E N T H I C A S S E M B L A G E S 
In this thesis, the scales of spatial variation were quantified formally (Chapter 5) because 
each sample was referenced spatially using an underwater acoustic positioning system 
(Chapter 2). Spatial heterogeneity has been regarded generally as a hindrance in ecology 
due to the increased variance imposed on sampling, while spatial autocorrelation between 
samples may confound statistical analyses as samples are not truly independent (Legendre, 
1993). Traditionally, survey strategies have been devised to minimise variance between 
samples either by increasing the number of samples collected (i.e. increase replication) or 
by increasing the sample grain, which may be achieved either by pooling samples collected 
separately or by using large sample units such as trawls. However, high sample replication 
increases the time and cost of data extraction, while important information on spatial 
variation is lost when sample grain is increased because abundance is integrated over large 
areas. Although a successftil sampling strategy may control between-sample variation, the 
confounding effects of spatial autocorrelation between samples on statistical analyses 
remain. 
An alternative approach to survey design suggests that between-sample variance is 
important information that should be retained to allow a formal description of the natural 
heterogeneity in the system under study (Legendre, 1993). Technological developments, 
such as differential global positioning systems (dGPS) and the underwater acoustic 
positioning system described in this thesis (Chapter 2), have enhanced the ability to collect 
samples that are referenced spatially with high accuracy. In combination with statistical 
techniques that consider the degree of spatial autocorrelation (Angel and Angel, 1967; 
Jumars et al. 1977; Thrush et al., 1989), spatially referenced samples allow the scales of 
spatial pattern to be quantified, which is a first step in the interpretation of any ecological 
data. It seems sensible, therefore, to reference all samples spatially to quantify the scales 
176 
of spatial pattern in the continued attempts to infer the processes that create and maintain 
the pattems observed. 
The image scaling and positioning techniques that have been developed during this thesis 
have allowed quantitative assessment of pattems of spatial distribution for epibenthic 
megafauna, and those burrowing megafauna that produce characteristic surface openings. 
However, as yet no remote imaging techniques can detect burrowing megafaunal species 
such as echinoids that do not produce characteristic surface openings. To quantify 
burrowing megafauna that do not produce conspicuous surfaces, large numbers of spatially 
referenced box-cores remain the most appropriate technique. To enhance understanding of 
the stmcture and fionction of benthic assemblages, an integrated stratified sampling design 
using spatially referenced direct and indirect sampling methods is recommended. The 
underwater imaging techniques developed in this thesis offer a way forward to quantify the 
distribution of megafaunal assemblages and assess the role of certain megafaunal species 
in the stmcture and ftmction of soft sediment habitats. 
7.5 CONCLUSIONS 
• The Automated Benthic Image Scaling System (ABISS) allows quantitative 
megafaunal abundance data to be extracted rapidly fi-om images, accounting for 
perspective, collected from cameras mounted on a remotely operated vehicle, and may 
be deployed similarly with any underwater camera. Additionally, the ABISS offers the 
potential for benthic survey in waters deeper than accessible to divers. 
• The spatial pattern of assemblages may be determined formally using statistical 
techniques such as correlograms that require quantitative samples that are referenced 
spatially. The ability to locate marine benthic samples accurately has improved with 
the development of global positioning systems and underwater acoustic positioning 
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systems. To infer process from pattern, therefore, any future investigations should 
determine sample lag and survey extent by collecting spatially referenced samples. 
o Estimates o f biomass, respiration and energy flux may be derived from measurements 
o f epibenthic megafauna, and the surface openings o f burrowing megafauna, to assess 
the megafaunal contribution to a variety o f ecosystem processes. Current models o f 
energy flux through the benthos do not consider the conUibution o f megafauna, so 
ftirther investigation o f megafaunal assemblages would appear to be long overdue. 
o To describe and monitor benthic assemblages, an integrated stratified sampling design 
to include megafaunal species with the traditional macro- and meiofaunal samples is 
required. Quantitative underwater observations offer a way forward to sample 
adequately the abundance and biomass o f the megafaunal fraction o f benthic 
assemblages and assess the use o f megafaunal distribution patterns as surrogates for 
estimating spatial variation in macrofaunal diversity and ecosystem fiinction. 
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Table A 1.1: Megafaunal species and biogenic sediment structures associated with 
burrowing megafauna identified from R O V images in Jennycliff Bay. 
Megafaunal species or biogenic 
sediment feature 
Description 
Thalassinidean opening 
Circular funnel-shaped opening leading to vertical shaft. Opening 
approximately 2-4 cm diameter. Melinna palmata tubes often visible 
within the opening. 
Extinct thalassinidean opening As above, but shaft appears to be in-filled 
Caliianassa subterranea pelletised 
mound 
Sediment mound that is darker than sediment surface. Diameter of 
mound at base approximately 8 cm. Crater-like depression at the 
summit of mound gives the appearance of a volcano. 
of Caliianassa subterranea 
pelletised mound (flattened) 
Patch of dark (anoxic) sediment "smeared" across sediment surface. 
Approximately 8 cm wide. 
Callianassa subterranea open 
mound 
Sediment mound that is darker than sediment surface (anoxic). Mound 
diameter at base approximately 8 cm. Circular opening approximately 
2 cm diameter at the summit of mound. 
Goneplax rhomboides burrow 
Oblique burrow opening approximately 4 cm wide. Ejected sediment 
often visible as scree from burrow entrance. 
Unknown oblique opening Oblique burrow opening approximately 2 cm wide with no ejected sediment 
Hermit crab Gastropod shell (usually Turitella or Hinia) ft-om which legs are visible. 
Macropodia sp. 
Triangular carapace with elongated rostrum. Long and slender 
pereopods. 
Cancer pagurus Oval carapace, large robust chelae. 
Pair of 1 cm diameter holes 
surrounded by ejected sediment 
Pair of circular holes, each approximately 1 cm diameter, surrounded 
by ejected sediment. 
Circular 1 cm flush opening Circular hole approximately 1 cm diameter, flush with sediment surface 
Circular 1 cm in a depression Circular hole approximately 1 cm diameter, sloping hole entrance. 
"3-siphoned opening" Single surface opening approximately 2 cm diameter containing three circular holes, each approximately 5 mm diameter. 
Two openings in a common 
depression 
Single surface opening approximately 2 cm diameter containing three 
circular holes, each approximately 5 mm diameter. 
Philine aperta 
Rounded diamond-shaped translucent grey-white epifaunal mollusc. 
Approximately 3 cm length. 
Pecten maximus 
Epifaunal bivalve with flat ears either side of umbones. Sometimes 
partially buried below sediment surface. 
Acanthocardia sp. 
Single surface opening with fused bivalve siphon tips visible at surface. 
Pale viscera siphon tips that appear as two spots when contracted in 
response to ROV passing overhead. 
Lutraria lutraria 
Single surface opening with fused bivalve siphon tips visible at the 
surface. Dark viscera siphon tips. 
Unknown bivalve siphon I 
Single surface opening with fused bivalve siphon tips visible at surface. 
Pale viscera siphon tips that appear hourglass-shaped when contracted 
in response to ROV passing overhead. 
Bivalve shell on surface Bivalve shell protruding ftom sediment surface. No viscera visible. 
Hinia reticulata Epifaunal gastropod with reticulated shell. Tracks often visible. 
Turitella communis 
Epifaunal gastropod with sharply pointed shell approximately 6 cm tall. 
Whorls separated by distinct suture line. Reddish brown colour. 
Burrowing anemone Anemone tentacles protruding from sediment surface. 
Myxicola infundibulum Funnel-shaped tentacular crown with dark distal edge. 
Ejected sediment patch Patch of dark (anoxic) sediment originating ftom point. Approximately 3 cm wide. 
Surface scrape/feeding pit Large depression in the sediment surface with distinct edges but not leading to a burrow opening 
Detritus obscured feature Biogenic sediment structure partially obscured by Laminaria sp. or other detritus 
Ophiuroid Large brittlestar with disc diameter approximately 35 mm. Arm length approximately 4 times disc diameter. Probably Ophiura ophiura 
White detritus patch White patch on sediment surface. Probably Beggiatoa sp. 
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Table A 1.2: Megafaunal species and biogenic sediment structures associated with 
burrowing megafauna identified from R O V images in Loch Creran. 
Megafaunal species or biogenic 
sediment feature 
Description 
Nephrops norvegicus burrow 
Oblique opening greater than 4 cm wide. Ejected sediment 
often visible in scree pattem. Chela(e) may protrude from 
opening 
Nephrops norvegicus vertical 
opening 
Circular opening leading to a vertical shaf) that appears to 
penetrate to N. norvegicus tunnel. Opening approximately 2-4 
cm diameter 
Maxmuelleria lankesteri 
mound 
Large mound of pale sediment approximately 50 cm diameter. 
Sediment fine and not covered in diatom bloom. 
Thalassinidean opening 
Circular funnel-shaped opening leading to vertical shaf^ . 
Opening approximately 2-4 cm diameter. Melinna palmata 
tubes often visible within the opening. 
Goneplax rhomboides burrow 
Oblique burrow opening approximately 4 cm wide. Ejected 
sediment often visible as scree from burrow entrance. 
Virgularia mirabilis 
slender cream-yellow sea pen with polyps on both sides of a 
slender column. Approximately 20 cm in height, but may 
reach 50 cm. 
Large circular hole 
Large circular hole approximately 6 cm diameter, no funnel, 
vertical shaft. 
Circular 1 cm flush opening 
Circular hole approximately 1 cm diameter, flush with 
sediment surface. 
Circular 1 cm in a depression 
Circular hole approximately 1 cm diameter, sloping entrance to 
hole. 
Circular 1 cm on a mound 
Circular hole approximately 1 cm diameter at the top of a small 
mound, base of diameter approximately 3 cm. 
"3-siphoned opening" 
Single surface opening, approximately 2 cm diameter 
containing three circular holes, each approximately 5 mm 
diameter. 
"Kidney" opening Kidney-shaped opening, 2 cm diameter. 
Myxicola infutidibulum Funnel-shaped tentacular crown with dark distal edge. 
Bivalve siphon 
Single surface opening with fused bivalve siphon tips visible at 
the sediment surface. 
Bivalve shell on surface 
Bivalve shell protruding from sediment surface. No viscera 
visible. 
Burrowing anemone Anemone tentacles protruding from the sediment surface. 
Surface scrape/feeding pit 
Large depression in the sediment surface with distinct edges 
but not leading to a burrow opening. 
cf egg case 
Gelatinous epifaunal structure approximately 2 cm long, 
disturbed by propeller wash. 
White detritus patch White patch on sediment surface. Probably Beggiatoa sp. 
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Table A2.I : Abundance of megafaunal features observed by direct diver and R O V 
observations in Loch Creran grid C R l . 
Grid 
Location 
Direct diver observations ROV observations 
Total Conspicuous Features greater than 15 Total Conspicuous Features greater than 15 
Features features mm diameter Features features mm diameter 
C R I _ A I I 0 \ 1 0 0 
CRI_A2 \ I 1 1 I I 
CR1_A3 0 0 0 0 0 0 
CRI_A4 1 0 1 2 0 2 
CRI_A5 6 I 5 2 2 2 
CR1_A6 5 1 5 1 1 1 
CR1_BI 3 1 2 1 0 1 
CRl_B2 3 2 3 3 2 2 
C R I _ B 3 1 0 1 0 0 0 
CRI_B4 3 0 3 1 0 0 
C R L B 5 6 3 6 4 2 2 
CR1_B6 3 2 3 1 I 1 
CRI_C1 0 0 0 1 I I 
C R I _ C 2 3 I 3 2 0 I 
C R I _ C 3 I 0 I 0 0 0 
C R L C 4 0 0 0 0 0 0 
C R L C 5 4 4 4 4 3 3 
CR1_C6 I 1 I 3 I 1 
CRI_D1 5 4 5 6 4 4 
CR1_D2 1 I I 2 2 2 
CRI_D3 1 0 1 2 0 0 
CR1_D4 0 0 0 3 0 0 
CRl_D5 1 0 1 3 I 1 
CRI_D6 2 0 2 I 1 0 
C R I _ E I 7 4 6 5 I 2 
C R I _ E 2 4 2 4 5 2 2 
C R I _ E 3 0 0 0 1 0 1 
C R I _ E 4 2 2 2 1 1 I 
CR1_E5 0 0 0 0 0 0 
CR1_E6 I I I 1 0 0 
CR1_FI 3 2 2 4 0 0 
CR1_F2 0 0 0 3 0 0 
CRI_F3 2 1 2 5 I I 
C R L F 4 0 0 0 3 0 1 
C R I _ F 5 I 1 I I 0 0 
C R l F6 0 0 0 I 0 1 
Total 72 35 68 74 27 34 
205 
^ Nephrops norvegicu.s 
+ Thalassinidean burrow opening; circular flinnel 
+ Vertical funnel associated with N. norw^icus ^ 
0 Circular hole in a depression, -1 cm diameter 
O Circular hole flush with surface, ~ lcm diameter 
Circular hole with a mound, -1 cm diameter 
9 Maxmuclleria lankcstcn mound opening 
# Circular hole, flush with surface, -4cm diameter 
Myxicola infunJihn/nm 
Large M. latikesteri mound outside grid 
Vigularia mirahilis 
Maxmuellena lankesten ejecta mound 
Nephrops burrow ejecta 
Bivalve siphon tips (light viscera?) 
Figure A2.1: Map of megafaunal features observed by R O V in Loch Creran grid C R l 
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Table A2.2: Abundance of megafaunal features observed by direct diver and R O V 
observations in Loch Creran grid CR2. 
Direct diver observations ROV observations 
Grid 
Location 
Total Conspicuous Features greater than 15 Total Conspicuous Features greater than 15 
Features Features mm diameter Features Features mm diameter 
CR2_A1 2 2 2 2 i 0 
CR2_A2 2 0 1 6 1 1 
CR2_A3 1 \ 1 2 1 I 
CR2_A4 2 2 2 2 2 2 
CR2_A5 0 0 0 0 0 0 
CR2_A6 4 1 4 2 0 0 
CR2_B1 I 0 1 3 0 1 
CR2_B2 3 1 2 1 1 1 
CR2_B3 8 1 7 6 1 1 
CR2_B4 0 0 0 1 0 1 
CR2_B5 8 0 3 5 0 1 
CR2_B6 1 0 I 2 0 1 
CR2_C1 0 0 0 0 0 
CR2_C2 3 1 3 I 1 1 
CR2_C3 1 1 I I 1 1 
CR2_C4 2 1 2 1 0 0 
CR2_C5 2 0 2 2 0 1 
CR2_C6 1 0 1 0 0 0 
CR2_DI 0 0 0 0 0 0 
CR2_D2 2 0 I 4 0 0 
CR2_D3 3 3 3 2 2 2 
CR2_D4 2 I 2 I 0 0 
CR2_D5 0 0 0 0 0 0 
CR2_D6 4 0 4 2 0 0 
CR2_E1 0 0 0 2 0 0 
CR2_E2 \ 1 1 5 I 2 
CR2_E3 3 1 3 I 0 0 
CR2_E4 0 0 0 0 0 0 
CR2_E5 0 0 0 0 0 0 
CR2_E6 0 0 0 I I 1 
CR2_F1 1 0 I 0 0 0 
CR2_F2 3 0 3 I 0 0 
CR2_F3 I 1 i 0 0 0 
CR2_F4 I 1 1 2 I 2 
CR2_F5 0 0 0 0 0 0 
CR2 F6 0 0 0 0 0 0 
Total 62 19 53 58 14 20 
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+ Thalassinidean burrow opening; circular funnel 
(J) Circular hole in a depression, ~ lcm diameter 
O Circular hole flush with surface, -1cm diameter 
^ Circular hole with a mound, ~ lcm diameter 
0 Maxmuellena lankt sfcn mound openinu 
Funnel-opening approximately 5 cm diameter 
Myxicola infundihulum 
1 Egg sack 
Bivalve siphon tips (light viscera'^) 
• Bivalve siphon tips (dark viscera"^) 
PW1 Maxmuelleria lankesteri ejecta mound 
gSSa Nephrops burrow ejecta 
Hermit crab trail 
Figure A2.2: Map of megafaunal features observed by R O V in Loch Creran grid CR2 
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Table A2.3: Abundance of megafaunal features observed by direct diver and R O V 
observations in Loch Creran grid CR3. 
Grid 
Location 
Direct diver observations ROV observations 
Total Conspicuous Features greater than 15 Total Conspicuous Features greater than 15 
Features Features mm diameter Features Features mm diameter 
CR3_A1 2 2 2 2 2 2 
CR3_A2 1 0 1 I 0 0 
CR3_A3 3 1 2 2 1 0 
CR3_A4 2 0 I 2 0 0 
CR3_A5 \ 0 1 2 0 0 
CR3_A6 0 0 0 2 0 2 
CR3_BI 0 0 0 I 0 1 
CR3_B2 0 0 0 0 0 0 
CR3_B3 2 2 2 3 I I 
CR3_B4 4 2 4 3 2 2 
CR3_B5 2 2 2 5 2 2 
CR3_B6 2 0 2 1 0 0 
CR3_C1 2 0 1 0 0 0 
CR3_C2 0 0 0 1 0 I 
CR3_C3 4 3 4 2 2 2 
CR3_C4 1 I 1 1 I 1 
CR3_C5 I I 1 1 1 I 
CR3_C6 5 I 4 5 1 3 
CR3_D1 3 2 3 2 1 2 
CR3_D2 1 1 1 0 0 0 
CR3_D3 I 1 I 2 1 1 
CR3_D4 4 3 4 8 5 5 
CR3_D5 0 0 0 0 0 0 
CR3_D6 1 0 1 2 0 0 
CR3_E1 2 2 2 2 2 2 
CR3_E2 1 1 I 2 2 2 
CR3_E3 9 4 8 6 5 6 
CR3_E4 2 I 2 1 1 1 
CR3_E5 1 0 1 0 0 0 
CR3_E6 2 I 2 4 0 1 
CR3_FI 1 0 I 1 0 0 
CR3_F2 0 0 0 0 0 0 
CR3_F3 2 2 2 2 2 2 
CR3_F4 3 0 3 I 0 0 
CR3_F5 0 0 0 0 0 0 
CR3 F6 3 1 3 1 0 0 
Total 68 34 63 68 32 40 
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Figure A2.3: Map of megafaunal features observed by R O V in Loch Creran grid CR3 
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Table A2.4: Abundance of megafaunal features observed by direct diver and R O V 
observations in Loch Creran grid CR4. 
Grid 
Location 
Direct diver observations ROV observations 
Total Conspicuous Features greater than 15 Total Conspicuous Features greater than 15 
Features Features mm diameter Features Features mm diameter 
CR4_AI 4 i 4 3 I 1 
CR4_A2 3 0 2 2 0 0 
CR4_A3 1 1 \ 3 1 1 
CR4_A4 0 0 0 I 0 1 
CR4_A5 \ 0 I 0 0 0 
CR4_A6 1 0 1 1 0 0 
CR4^BI I 0 0 0 0 0 
CR4_B2 5 0 3 2 0 1 
CR4_B3 1 1 1 0 0 0 
CR4_B4 1 1 1 5 3 1 
CR4_B5 2 ! 2 3 1 1 
CR4_B6 4 0 4 4 0 1 
CR4_CI 1 1 I I I I 
CR4_C2 0 0 0 I 0 I 
CR4_C3 3 3 3 1 \ 1 
CR4_C4 2 0 2 0 0 0 
CR4_C5 3 I 3 2 1 2 
CR4_C6 1 0 I 1 0 0 
CR4_D! 3 1 3 1 1 1 
CR4_D2 3 2 3 2 2 2 
CR4_D3 2 1 2 1 1 I 
CR4_D4 3 0 2 4 2 2 
CR4_D5 3 2 2 1 0 0 
CR4_D6 1 0 1 1 I 1 
CR4_E1 5 2 4 2 I 1 
CR4_E2 3 3 3 4 3 3 
CR4_E3 6 3 5 4 3 3 
CR4_E4 2 2 2 2 2 2 
CR4_E5 1 1 \ 1 0 0 
CR4_E6 5 0 4 0 0 0 
CR4_FI 4 I 4 I 1 I 
CR4_F2 0 0 0 I 0 0 
CR4_F3 1 0 1 4 1 1 
CR4_F4 0 0 0 0 0 0 
CR4_F5 0 0 0 0 0 0 
CR4 F6 5 2 5 4 3 4 
Total 8) 30 72 63 30 34 
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Figure A2 4: Map of megafaunal features observed by R O V in Loch Creran grid CR4 
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Table A2.5: Abundance of megafaunal features observed by direct diver and R O V 
observations in Jennycliff Bay grid. 
Direct diver observations ROV observations 
Grid 
LiOcaTiOD Total 
Features 
Thalassinidcan Callianassa 
Opening Mound Bivalve 
Tholassinidean 
opening plus 
bi\'alve 
Total 
Features 
Thalassinidean 
opening 
Callianassa 
Mound Bivalve 
Thalassintdean 
opening plus 
bivalve 
JCI_AI 16 1 1 14 15 21 12 1 8 20 
JCI_A2 17 3 I 13 16 IS 2 0 13 15 
JCI_A3 IS 1 1 13 14 9 1 0 8 9 
JCI_A4 10 1 0 8 9 14 1 0 13 14 
JCI_A5 9 0 0 6 6 6 1 0 2 3 
JC1_A6 24 3 1 20 23 23 3 0 20 23 
JC1_BI IS 0 0 12 12 16 6 0 9 15 
JC1_B2 18 0 0 18 18 10 0 0 10 10 
JC1_B3 10 2 0 8 10 12 2 1 9 11 
JCI_B4 15 2 1 12 14 18 4 0 14 18 
JC1_B5 14 2 0 12 14 10 1 0 9 10 
JCLB6 21 5 0 14 19 22 4 0 16 20 
JC1_CI 17 0 1 16 16 23 5 0 18 23 
JCI_C2 12 4 0 7 11 13 7 0 6 13 
JCI_C3 23 2 0 21 23 29 S 0 24 29 
JCI_C4 IS 0 0 15 15 13 0 0 13 13 
JCI_C5 12 5 0 7 12 IS 8 0 7 IS 
JCI_C6 21 I 0 19 20 20 4 0 15 19 
JCI_DI 22 6 0 16 22 16 7 0 9 16 
JCl_D2 12 3 1 8 11 15 4 0 11 15 
JCI_D3 18 4 2 12 16 16 5 0 11 16 
JCl_D4 18 3 0 IS 18 22 9 1 12 21 
JC1_D5 21 3 0 18 . 21 27 7 0 20 27 
JCI_D6 23 11 0 12 23 22 13 0 9 22 
JCI_EI 21 6 0 15 21 14 6 0 8 14 
JC1_E2 18 2 0 15 17 20 7 0 11 18 
JCI_E3 27 6 1 20 26 20 9 0 11 20 
JCI_E4 19 4 1 14 18 18 7 0 11 18 
JCI_E5 23 3 1 19 22 23 8 0 IS 23 
JCLE6 21 1 2 16 17 19 2 0 17 19 
JC1_FI 23 3 0 20 23 23 14 0 9 23 
JCI_F2 27 2 0 23 25 29 8 1 19 27 
JCI_F3 17 0 0 17 17 13 2 0 11 13 
JC1_F4 14 3 0 9 12 13 3 0 9 12 
JCI_F5 16 I 0 13 14 16 1 0 14 15 
JC1_F6 11 I 0 10 11 6 2 0 4 6 
Total 635 94 14 507 601 621 180 4 425 605 
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Table A2.6: Abundance of each megafaunal species and biogenic sediment feature associated with burrowing megafauna in 0.5 m^ sample images at 
the Beacon station in May 2000. 
Megafaunal species or biogenic 2000_B01 2000_B02 2000_B03 2000_B04 2000 BOS 2000_B06 2000_B07 2000_B08 2000_B09 
sediment feature ~ 
ThDiassinidun Opening 5 1 2 5 1 2 0 4 3 
cf extinci Ihnlassinidean opening 0 0 0 0 0 0 0 0 0 
Callianassa stiblerranca pcilctiscd moiuid 0 0 0 0 2 1 1 0 0 
C. sublcrranea pelletiscd mound (flattened) 0 0 0 0 0 0 0 0 0 
C. subtcrranea open mound 0 0 0 0 0 0 0 0 0 
Coneplax rbomboidcs burrow 1 0 0 0 - 0 0 0 ' 0 
Unknown oblique opening 0 0 0 0 0 0 0 0 0 
Hermit cmb 0 0 0 0 0 0 0 0 0 
Macropodia sp. 0 0 0 0 0 0 0 0 0 
Cancer pagunis 0 0 0 0 0 0 0 0 0 
pair of 1 cm diamter holes surrounded by 0 0 0 0 0 0 0 0 0 
ejected sediment 
circular 1 cm flush opening 1 0 0 0 0 0 0 0 0 
circular 1 cm in a depression 0 0 0 0 0 0 0 0 0 
"3-siphoncd opening" 0 0 1 0 0 0 0 0 0 
two openings io a common depression 0 0 0 0 0 0 0 0 0 
Philinc apcna 0 0 0 0 0 0 0 0 0 
Acanthocardia sp. 0 0 0 0 0 0 0 0 0 
Unknown bivalve siphon 1 0 1 1 2 1 2 0 2 2 
Fccten maximus 0 0 1 0 0 0 0 0 0 
Lutraria lutraria 13 11 16 8 11 6 9 25 24 
bivalve shell on surface 0 0 0 0 0 0 0 0 0 
Hinia reticulata 2 0 0 0 0 0 0 0 0 
Turitella communis 0 0 0 0 0 0 0 0 0 
Burrowing Anemone 0 0 0 1 0 0 0 0 0 
Myxicola in/undibulum 0 0 0 0 0 0 0 0 0 
ejected sediment patch 0 0 0 0 0 0 0 0 0 
surface scmpe/fecding pit 1 0 0 0 0 0 0 0 1 
detritus obscured feature 1 0 0 0 0 0 0 0 0 
Ophiuroid 0 1 0 0 0 0 0 0 0 
while detritus patch 0 0 0 0 0 0 0 0 0 
Number of spccics/fcaturcs 7 4 5 A 4 4 2 4 4 
Number of individuals 24 14 21 16 15 n 10 32 30 
Table A2.7: Abundance of each megafaunal species and biogenic sediment feature associated with burrowing megafauna in 0.5 m sample images at 
the Central station in May 2000. 
Mcgafaunal species or 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000 C 2000_C 2000_C 
bioeenic sediment Tealure 01 02 03 04 05 06" 07 08 09" 10 11 12 13 14 15 16 17 18 19 20 
Thalossinidcan Opening 2 0 1 2 5 0 2 0 5 3 3 1 2 1 0 4 5 9 2 2 
cf extinct ihalassinidcan opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Callianasxa subterranea I 0 0 0 1 0 1 0 0 1 0 0 0 0 0 0 0 1 0 1 
pclletised mound 
C subiemmca pellcliscd mound 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
(flattened) 
C. subtcrranca open mound 0 0 0 0 0 0 0 0 0 I 0 0 0 0 0 0 1 0 1 0 
Goncplax rhomboidcs burrow 0 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 0 1 0 
UnknowT) oblique opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hermit cnib 0 1 0 I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Macropodia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cancer pagurus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
pair of 1 cm diamtcr holes 0 0 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 0 0 
surrounded by ejected sediment 
circular I cm flush opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
circular 1 cm in o depression 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
"3-siphoncd opening" I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
two openings in a common 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
depression 
Philine aperia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Acanthocardia sp. I 0 2 2 4 3 1 5 5 2 4 4 3 3 0 0 1 2 4 6 
Unknown bivalve siphon 1 0 0 1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
Pcctcn maximus 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lutraria lulraria 24 20 29 13 23 9 16 13 23 17 22 17 17 33 29 IS 16 8 IS 23 
bivalve shell on surface 0 1 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 I 0 0 
Hinia reticulata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Turitclla communis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Burrowing Anemone 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Myxicola infumlibutum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ejected sediment patch 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
surface scrape/feeding pit 0 0 2 0 1 0 0 0 2 1 1 0 1 3 0 0 0 1 0 0 
detritus obscured feature 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
Ophiuroid 0 0 2 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 
u-hite detritus patch 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Number of spccies/fcaiurcs 5 3 6 5 6 3 5 3 5 7 5 3 5 5 3 2 7 6 6 5 
Number of individuals 29 22 37 )9 35 13 21 )9 36 26 31 22 24 41 32 19 26 22 27 34 
Table A2.7 continued.. 
Mcgafaunal species or 
biogenic sediment feature 
2000_C21 2000_C22 2000_C23 2000_C24 2000_C25 2000_C26 2000_C27 2000_C28 2000_C29 2000_C30 2000_C3I 2000_C32 2000_C33 2000_C34 2000_C35 2000_C36 2000_C37 
Thalassmidcan Opening I 0 4 0 3 2 0 2 4 1 1 0 2 4 1 0 2 
cf extinct ihalassinidean opening 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
Callianassa subtcrranca 
pcllctiscd mound 1 0 1 0 3 2 0 ' 1 0 0 0 1 0 0 0 I 
C xubtcrranca pellctiscd mound 
(flattened) 
0 0 1 0 0 0 0 1 0 0 1 0 0 0 I 0 0 
C. subfcrranea open mound 0 0 0 0 0 0 0 0 I 0 0 0 0 1 0 1 1 
Goneplax rhomboidcs burrow 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 
Unknown oblique opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hermit crab 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
Macropodia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cancer pa^rm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
pair of 1 cm diamtcr holes 
surrounded by ejected scdimem 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
circular 1 cm flush opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
circular 1 cm in a depression 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
'3-siphoned opening" 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
two openings in a common 
dqircssion 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Philinc apcna 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Actmthocardia sp. 5 3 3 1 3 0 2 1 1 4 2 1 2 1 4 2 6 
Unknown bivalve siphon 1 1 2 I 0 0 1 0 0 0 0 0 1 0 0 1 0 0 
Pcctcn mcaimus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lutraria lulraria 27 10 16 21 II 23 11 17 29 21 IS 9 16 17 17 14 18 
biv-alvc shell on surface 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 
Hinia rcliculala 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Turiletia communis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Burrowing Anemone 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Myxicoh in/undibutum 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
ejected sediment patch 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
surface scrape/feeding pit 0 1 0 0 0 1 2 0 1 0 2 0 0 1 2 0 1 
detritus obscured feature 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ophiuroid 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 
white detritus patch 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Number of specics/feaiurcs 6 4 8 2 5 5 4 5 7 4 6 3 4 5 6 4 9 
Number of individuals 36 16 28 22 21 29 16 22 38 27 26 11 21 24 26 18 32 
Table A2.8: Abundance of each megafaunal species and biogenic sediment feature associated with burrowing megafauna in 0.5 m sample images at 
the Fylrix station in May 2000. 
Mcgafaunal species or 
biogenic sediment feature 
2000_F0I 2000_F02 2000_F03 2000_F04 2000_F05 2000_F06 2000_F07 2000_F08 2000_F09 2000_F10 2000_F11 2000_F12 2000_F13 
Thalassinidcan Opening 9 5 3 2 4 4 3 4 3 1 4 3 2 
cf extinct thalassinidcan opening 0 0 0 0 0 0 0 0 0 0 1 0 0 
CaUianassa subtcrnmca 
pcllctiscd mound 
1 2 0 0 0 0 0 I 0 0 0 0 1 
C. subterranca pcllctiscd mound 
(flattened) 
0 0 0 0 0 0 0 0 0 0 0 0 0 
C. subterranca open mound 0 0 0 0 0 0 0 0 0 0 0 0 0 
Goneplax rhomboiJes burrow 0 1 0 0 0 0 0 0 0 2 0 0 1 
Unkno^vn oblique opening 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hermit crab 0 1 0 0 0 0 0 0 0 0 1 0 0 
Macropodia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cancer pagunis 0 0 0 0 0 0 0 0 0 0 0 0 0 
pair of 1 cm diamtcr botes 
surrounded by ejected sediment 0 0 0 0 0 0 0 0 0 0 0 0 0 
circular 1 cm flush opening 0 1 1 0 1 0 0 I 0 0 0 0 0 
circular 1 cm in a depression 1 0 0 0 0 0 0 0 0 0 0 0 0 
"3-siphoncd opening" 0 0 0 0 1 1 1 1 0 0 0 0 0 
mo openings in a common 
depression 
0 0 0 0 0 0 0 0 0 0 0 0 0 
Fhilinc apcrta 0 0 0 0 0 0 0 1 0 0 0 0 0 
Acanthocardia sp. 0 0 2 0 0 0 0 0 1 0 0 0 0 
Unknown bi%'al\-c siphon I 4 2 1 3 2 0 1 I 0 1 1 0 0 
Pccten maximus 0 0 0 0 0 0 0 0 0 0 0 0 0 
Luiraria lulraria 49 14 37 15 12 22 35 19 17 14 35 11 40 
bi^nlve shell on surface 0 0 0 1 0 0 0 0 0 0 0 0 I 
Huiia rciiculaia 0 1 0 0 0 0 0 0 1 0 0 0 0 
Turitella communis 0 0 0 0 0 0 0 0 0 0 0 0 0 
Burrownng Anemone 0 0 0 0 0 0 0 0 0 0 0 0 0 
Myxicola infundibulum 0 0 0 0 0 0 0 0 0 0 0 0 0 
ejected sediment patch 0 0 0 ! 0 0 0 2 0 0 0 0 1 
surface scnipc/fccding pit 0 0 1 0 0 0 0 1 0 1 0 0 1 
detritus obscured feature 1 0 2 0 0 1 0 0 0 0 0 0 0 
Ophiuroid 0 0 1 0 0 0 0 0 0 0 0 0 0 
white detritus patch 0 0 0 0 0 0 0 0 0 0 0 0 0 
Number of species/features 6 8 8 5 5 4 4 9 4 5 5 2 7 
Number of individuals 6S 27 48 22 20 28 40 31 22 19 42 . 14 47 
Table A2.9: Abundance of each megafaunal species and biogenic sediment feature associated with burrowing megafauna in 0.5 m sample images at 
the Nearshore station in May 2000. 
Megafaunal species or 2000_N01 2000_N02 2000_N03 2000_N04 2000_N05 2000 N06 2000 N07 2000_N08 20aO_N09 2000_N10 2000_N11 2000_N12 2000_N13 2000_N14 
biogenic sediment feature ~ 
Thalassinidean Opening 4 1 0 4 4 4 0 0 0 2 4 2 3 2 
cf extinct ihalassinidcon opening 0 0 0 0 0 D 0 0 0 0 0 0 0 0 
Callianassa subterranca 0 0 ) 0 0 0 1 0 0 0 0 1 0 1 
pellctised mound 
C subicrranca pclletised mound 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(flattened) 
C. sublcrranea open mound 0 0 0 1 0 1 0 0 I 0 0 0 0 0 
Coneplax rhomboides burrow 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Unknown oblique opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hermii crab 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
Macropodia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cancerpagurus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
pair of 1 cm diamter holes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
surrounded by ejected sediment 
circular 1 cm flush opening 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
circular 1 cm in a depression 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
"3-siphoncd opening" 2 1 0 0 0 0 0 I 0 0 0 0 0 0 
two openings in a common 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
depression 
Philine apcria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Acanthocardia sp. 0 0 1 0 0 I 0 0 0 0 0 0 0 1 
Unknown bivalve siphon 1 0 0 0 0 0 4 0 0 1 0 0 0 0 0 
Pccicn maximus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lutraria lutraria 12 13 13 12 11 13 12 6 IS 17 16 21 15 12 
bivalve shell on surface 0 0 0 2 0 0 0 0 0 0 0 0 0 0 
Hinia reticulata 0 1 1 0 0 0 I 0 0 0 1 0 0 1 
Turitclla communis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Burrowing Anemone 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Myxicola infundibulum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ejected sediment patch 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
surface scrape/feeding pit 0 0 0 0 0 0 0 0 0 0 2 0 2 0 
detritus obscured feature 0 0 0 1 0 0 0 0 0 0 0 0 1 1 
Ophiuroid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
white dcuitus patch 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Number of species/features 3 6 5 5 2 5 3 2 3 2 4 3 5 
7 
Number of individuals 18 18 17 20 15 23 14 7 17 19 23 24 22 19 
Table A2.10: Abundance of each megafaunal species and biogenic sediment feature associated with burrowing megafauna in 0.5 m sample images at 
the Beacon station in March 2001. 
Megafaunal species or 
2 0 0 I _ B _ 0 1 2001_B_02 2001_B_03 2001 B 04 2001 B 05 2001_B_06 2001_B_07 2001_B_08 2 0 0 I _ B _ 0 9 2 0 0 I J 3 
biogenic sediment feature 
Thalassinidean Opening 0 I 0 1 1 0 3 1 0 0 
cf extinct thalassinidean opening 0 0 0 0 0 0 0 0 0 0 
Callianassa subterranca Q 0 \ I 2 0 0 0 0 0 
xllciised mound 
C subterranca pclletised mound 0 0 0 0 0 1 0 1 1 1 
(flnnencd) 
C. subtcrranea open mound 0 0 0 0 0 0 1 0 0 0 
Goneplax rhomhoides burrow 1 0 0 0 0 0 0 0 0 0 
Unknown oblique opening 0 0 0 0 0 0 0 0 0 0 
Hermil crab 0 0 0 0 0 0 0 0 0 0 
Macropodia sp. 0 0 0 0 0 0 0 0 0 0 
Cancer pagurus 0 0 0 0 0 0 0 0 0 0 
pair of Icm diamter holes 0 0 0 0 0 0 0 0 0 0 
surrounded by ejected sediment 
circular Icm Hush opening 0 0 0 0 0 0 0 0 0 0 
circular 1cm in a depression 0 0 0 0 0 0 0 0 0 0 
"3-siphoncd opening" 0 0 0 0 0 0 0 0 0 0 
tw>-o openings in a common 0 0 0 0 0 0 0 0 0 0 
depression 
Philine apcna 0 0 0 0 0 0 0 0 0 0 
Acanthocardia sp. 0 0 0 0 3 0 1 0 0 1 
Unknown bi^'alve siphon 1 0 0 0 0 0 0 0 0 0 0 
Fectcn maximus 0 0 0 0 0 0 0 0 0 1 
Lulraria lutraria 9 12 16 10 19 4 2 13 5 12 
bivalve shell on surface 0 0 0 0 0 0 0 0 0 0 
Hinia reticulata 0 0 1 0 0 0 0 0 0 0 
Turilclla communis 0 2 1 2 2 9 2 5 1 0 
DuTTOwtng Anemone 0 0 0 0 0 2 0 0 0 D 
M}^icola infundibuhim 0 0 0 0 0 0 0 0 0 0 
ejected sediment patch 0 0 0 0 0 1 0 0 0 0 
surface scrape/feeding pit 2 0 0 0 0 0 0 0 0 0 
detritus obscured feature 1 0 0 0 0 0 0 0 0 0 
Ophiuroid 0 0 3 0 0 0 2 2 2 0 
white detritus patch 0 0 0 0 0 0 0 0 0 0 
Number of species/features 4 3 5 4 5 5 6 5 4 4 
Number of individuals 13 15 22 14 27 17 11 22 9 15 
IB to 2001 B I I 
Table A2.11: Abundance of each megafaunal species and biogenic sediment feature associated with burrowing megafauna in 0.5 m sample images at 
the Central station in March 2001. 
Megafaunal species or 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 _ 
biogenic sediment feature c oF C 02 C 03 C 04 C 05 C 06 C 07 C 08 C 09 C 10 c u C 12 C 13 C 14 C 15 C 16 C 17 C 18 C 19 C 20 C 21 C 22 C 23 C 24 C 25 C 26 
Thalassinidean Opening 5 5 2 5 3 3 2 6 8 4 5 0 6 6 2 2 2 1 1 2 1 4 2 4 3 4 
cf extinct ihalassinidean opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Callianassa subicrranca 1 2 1 1 0 1 1 2 2 I 0 0 0 2 0 0 2 0 1 0 0 0 2 1 2 2 
pellelised mound 
C subterranca pclletised mound 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 1 1 1 0 0 0 0 0 0 0 
(flanencd) 
C. subtcrranea open mound 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 
Goncplax r/iamboides burrow 0 0 0 0 0 0 4 1 0 0 0 2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
Unlcnown oblique opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hermit cmb 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Macropodia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cancer pagurus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
pair of Icm diamtcr holes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
surrounded by ejected sediment 
circular Icm flush opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
circular Icm in a depression 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
°3-siphoned opening" 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
two openings in a common 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
depression 
0 Philine aperia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Acanthocardia sp. 0 0 1 I I 0 0 0 0 0 0 0 1 0 1 1 0 2 0 1 3 1 0 1 0 0 
Unknown bi>'alve siphon 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 I 0 0 0 0 0 0 0 
Pccten maximus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lutraria lutraria 3 7 9 7 13 13 3 7 II I I 17 10 6 10 9 7 17 14 9 13 7 7 10 11 3 4 
bivalve shell on surface 0 0 2 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hinia reticulata 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 I 0 
Turitella communis 2 3 0 1 0 0 0 0 0 0 2 0 0 3 0 3 2 1 0 1 0 0 0 0 1 2 
Burrowing Anemone 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 0 0 1 0 0 0 0 0 0 0 0 
Myxicola infundibulum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ejected sedtmenl patch 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
surface scrape/fecdiiig pit 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 I 0 0 1 0 0 0 0 
detritus obscured feature 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
Ophiuroid 0 0 2 0 1 0 0 0 0 0 0 0 0 0 0 2 0 0 I 0 0 0 0 0 0 0 
white detritus patch 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Number of species/features 5 4 6 7 5 3 5 4 5 3 6 2 4 6 6 6 5 8 7 4 3 6 3 7 5 5 
Number of individuals 12 17 17 17 19 17 11 16 23 16 27 12 14 23 15 16 24 22 15 17 II IS 14 20 10 13 
Table A2.12: Abundance of each megafaunal species and biogenic sediment feature associated with burrowing megafauna in 0.5 m^ sample images at 
the Fylrix station in March 2001. 
Megafauna] species or 2001 2001 2001 2001 2001 2001 2001 2001 200) 2001 2001 2001 2001 2001 2001 2001_ 
biogenic sediment feature F 01 F 02 F 03 F 04 F 05 F 06 F o f F 08 F 09 F 10 F 11 F 12 F 13 F 14 F i f F 16 
Thalassinidcan Opening 1 2 0 2 0 0 2 2 5 2 2 4 3 1 4 1 
crcxtinci thalassinidcan opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Callianassa subtcrranca Q 1 0 0 0 1 2 0 2 2 0 2 1 0 2 0 
pelletiscd mound 
C sublcrranca pcWcliscd mound 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(flattened) 
C subtcrranca open mound 0 0 0 1 0 0 0 0 I 0 I 1 0 0 0 0 
Goneplax rhomboidcs burrow 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Unknown oblique opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hermit crab 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
Macropodia sp. 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Cancer pagurvs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
pair of 1cm diamter holes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
surrounded by ejeaed sediment 
circular 1cm flush opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
circular Icm in a depression 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
''3-siphoncd opening" 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
two openings in a common 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
depression 
Phiiinc apcna 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Acanihocardia sp. 0 0 0 0 0 0 0 0 0 1 0 0 0 2 0 0 
Unknown bi^ .-aU'C siphon 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pcctcn maximus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lutraria lutraria 19 7 12 10 10 6 7 10 8 2 13 12 5 5 5 2 
bivalve shell on surface 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 1 
Hinia reticulata 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 
TuritcUa communis 0 0 0 0 0 0 0 0 1 1 1 0 0 I 0 3 
Burrowing Anemone 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Myjicola infundibulum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ejected sediment patch 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
surface scrape/feeding pit 0 1 1 2 0 3 0 1 0 0 0 0 0 1 
0 
0 0 
detritus obscured feature 1 0 0 0 0 0 0 0 1 0 1 0 1 I 0 
Ophiuroid 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 
white detritus patch 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Number of specie^feaiures 3 4 3 6 3 5 3 3 6 5 6 4 3 6 5 5 
Number of individuals 21 11 14 17 13 12 II 13 18 8 19 19 11 11 13 8 
Table A2.13: Abundance of each megafaunal species and biogenic sediment feature associated with burrowing megafauna in 0.5 m sample images at 
the Nearshore station in March 2001. 
Megafaunol species or 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 200) 2001 2001 2001 2001 2001 
biogenic sediment feature N 01 N 02 N 03 N 04 N 05 N 06 N 07 N 08 N 09 N 10 N M N 12 N 13 N 14 N 15 N 16 N 17 N 18 N 19 
Thalassinidean Opening 1 4 1 1 1 5 1 0 0 1 1 2 0 4 2 3 2 2 0 
cf extinct Ihalassinidcan opening 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
Callianassa subierranca 0 0 0 0 1 0 0 0 0 1 0 1 1 0 0 1 1 1 0 
pcllctised mound 
C subtcrranea pellclised mound 0 1 0 0 0 1 0 1 0 1 0 0 0 0 1 0 1 0 0 
(flattened) 
C. subierranca open mound 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Goneplax rbomboides burrow 1 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
Unknown oblique opening 0 0 0 0 0 1 3 1 0 0 I 0 0 0 0 0 0 0 0 
Hermit crab 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Macropodia sp. 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cancer pagurus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
pair of Icm diamtcr holes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
surrounded by ejected sediment 
0 circular Icm flush opening 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
circular Icm in a depression 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
''3-sipboned opening' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
two openings in a common 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
depression 
Philine aperto 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Acanthocardia sp, 0 3 5 4 2 4 0 3 0 1 6 3 3 2 2 5 3 4 3 
Unknown bivaU'c siphon 1 0 1 0 0 1 1 0 0 0 0 0 0 0 1 0 0 0 2 0 
Pectcn maximus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Lutraria lutraria 6 14 9 1 7 8 6 5 3 7 5 3 2 4 5 7 1 2 6 
biv-alve shell on surface 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 
Hinia reticulata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 
Turiiella communis 3 4 1 1 0 3 1 0 2 0 2 2 3 1 6 3 0 0 0 
Burrowing Anemone 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Myxicola infundibulum 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 
ejected sediment patch 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 
surface serope/fccding pil 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
detritus obscured feature 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 
Ophiuroid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
white detritus patch 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Number of species/features 5 7 5 5 6 7 5 6 3 5 7 5 4 7 5 6 6 5 6 
Number of individuals 12 28 17 9 13 23 12 12 6 11 17 II 9 14 16 23 9 II 13 
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Table A3.1: Location of sample images in Jenncyliff Bay, May 2000, and camera 
orientation information derived from PharosLite (Sonardyne International Ltd.) and 
Benthic Imager. 
Average EasUng Average 
Average Average Average 
Station Inclination Camera Height Camera 
( U T M ) Northing ( U T M ) Angle O (cm) Distance (cm) 
2000 BOI 419565.4 5578007.7 59 35 22 
2000"B02 4I9S80.O 5578003.2 54 44 32 
2000 B03 419589.2 5578005.6 57 40 26 
2000"BO4 419599.2 5578000.4 55 30 2) 
2000 B05 4196)4.2 5578002.2 52 4) 32 
2000 B06 419614.4 5577998.4 54 44 31 
2000 B07 419622.5 5577986.2 50 33 35 
2000 BOS 419609.7 5577977.3 55 40 28 
2000'B09 419590.5 5577968.S 50 33 29 
2000 COl 419711.5 557806).6 50 54 45 
2000~C02 419738.2 5578037.2 48 62 56 
2000"C03 419749.6 5578052.6 53 48 37 
2000'C04 419754.7 5578072.8 50 45 38 
2000~C05 419757.6 5578082.) 46 45 44 
2000 C06 419751.8 5578092.9 46 57 56 
2000 C07 4I97SI.4 5578101.1 54 57 41 
2000 COS 4I9755.I 55781)4.9 48 63 56 
2000'C09 419758.5 5578)25.3 52 52 41 
2000~CIO 419766.1 5578)32.2 58 54 33 
2000 C l l 4)9782.1 5578)36.6 55 SO 34 
2(M)0 C12 4)9792.1 5578145.4 53 57 43 
20O0 C13 419799.1 5578133.7 61 46 25 
2000 C I 4 419799.) 5578124.0 53 45 34 
2000 C I S 419798.2 5578)07.6 46 52 50 
2000 C I 6 419788.9 5578)0).4 62 58 3) 
2000 C I 7 419781.5 5578)01.2 58 44 28 
2000 C I S 4)9773.5 5578102.0 69 5) 20 
2000 C19 4)9766.5 5578101.8 61 60 33 
2000 C20 4)9730.4 5578098.5 58 59 37 
2000 a i 419722.0 5578105.3 56 55 37 
2000 022 419704.1 5578070.0 48 68 62 
2000 023 419716.6 5578067.5 55 59 4) 
2000 C24 419730.0 5578072.5 58 6) 37 
2000'C25 419746.0 5578070.0 54 52 38 
2000 026 4)9764.4 5578072.6 52 50 40 
2000 027 4)977).7 557S079.0 55 56 40 
2000 028 4)9797.6 5578095.7 57 62 40 
2000 029 419796.4 5578152.7 63 53 27 
2000 030 419780.0 5578)49.) 52 58 44 
2000'"O3l 419768.1 5578143.6 56 5) 35 
2000 032 419754.7 5578134.3 55 63 44 
2000 033 4)9746.1 5578131.5 62 58 30 
2000 034 4)9736.9 5578127.4 59 52 31 
2000 035 4)9726.7 5578127.0 53 45 35 
2000^036 419717.8 5578129.1 58 60 37 
2000"O37 419705.8 5578129.1 58 46 29 
2000 FO) 419755.2 5578274.0 58 36 23 
2000 F02 419749.7 5578277.0 58 35 21 
2000 F03 419746.8 5578277.5 56 39 27 
2000 F04 419735.6 5578275.0 56 64 43 
2000 F05 4)9730.9 5578275.1 50 65 54 
2000'F06 4)9711.2 5578273.6 55 54 38 
2000 F07 419706.0 5578284.6 66 57 25 
2OOO~F08 419716.5 5578297.5 59 49 28 
2000"F09 419732.8 5578299.5 59 66 40 
2000 FIO 419751.2 5578297.7 70 66 23 
2000 F i t 419745.0 5578313.9 59 55 32 
2000 F12 419729.1 5578314.5 56 43 31 
2000 F13 419711.6 5578311.7 53 45 33 
2000 NOl 4)98)3.0 557S098.9 49 43 37 
2000 N02 4)9808.0 5578099.) 57 31 22 
2000~N03 4)9876.5 5578097.) 50 45 39 
2000~N04 4)9852.2 5578097.) 58 44 27 
2000 N05 4)9832.0 5578095.5 45 39 39 
2000 N06 419811.1 5578099.2 59 34 20 
2000 N07 419888.1 55781)7.2 60 47 28 
2000 NOS 419865.6 55781)9.2 58 50 29 
2000"N09 4)9844.2 5578I2).2 58 33 20 
2000 NIO 4)9821.6 5578)22.0 5) 34 28 
2000 N i l 4)9802.3 5578)19.9 5) 36 30 
2000 NI2 4)9869.5 5578076.4 63 63 33 
2000"N13 4)9847.2 5578071.2 60 32 20 
2000"NI4 4)9829.5 5578077.4 6) 34 21 
Average 56 49 34 
Standard 5 10 9 
Deviation 
95% ) 2 2 
confidence 
Average Range 
(cm) 
Average Pixel 
Footprint (mm) 
7) 
84 
61 
59 
64 
80 
70 
85 
67 
64 
61 
72 
53 
56 
72 
66 
53 
55 
69 
70 
67 
92 
72 
7) 
65 
65 
69 
74 
60 
73 
62 
77 
66 
61 
57 
7) 
54 
45 
4) 
47 
77 
85 
66 
63 
56 
77 
72 
64 
54 
56 
57 
39 
60 
52 
56 
40 
55 
58 
39 
44 
48 
72 
39 
4) 
61 
13 
0.7 
1.0 
0.9 
0.7 
1.0 
1.0 
1.1 
0.9 
0.9 
1.4 
).6 
).2 
).2 
).3 
1.6 
1.3 
1.6 
).3 
).2 
).) 
).3 
1.0 
1.0 
).4 
).2 
).0 
).0 
1.2 
1.2 
1.2 
1.7 
1.3 
1.3 
1.2 
1.2 
1.3 
).3 
).) 
1.3 
1.2 
1.4 
).2 
) . l 
).) 
).3 
1.0 
0.8 
0.8 
0.9 
).4 
).6 
).2 
).) 
1.0 
1.4 
1.2 
1.1 
1.0 
I . I 
I . I 
0.8 
1.2 
0.9 
1.2 
O.S 
).0 
).) 
0.8 
0.9 
0.9 
1.2 
0.7 
0.8 
1.1 
0.2 
0.) 
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Table A3.2: Location of sample images in Jenncyliff Bay, March 2001, and camera 
orientation information derived from PharosLite (Sonardyne International Ltd.) and 
Benthic Imager. 
Station 
Average Easting 
(UTM) 
Average 
Northing (UTM) 
Average 
Inclination 
Angle n 
Average 
Camera Height 
(cm) 
Average 
Camera 
Distance (cm) 
Average Range 
(cm) 
Average Pixel 
Footprint (mm) 
2001 B 01 419642.2 5578006.7 6 6 42 18 46 1.2 
200I"B~02 419627.4 557S009.7 65 42 20 47 1.2 
2001 B 03 419623.8 5S7S01I.2 67 39 ) 7 42 1.1 
2O01 B (M 419615.1 5578015.3 67 40 ) 7 43 1.1 
1.2 200) B 05 419603.2 5578017.0 62 40 22 46 
2001 B"06 419598.5 5578020.5 6 6 4) ) 8 45 1.1 
2001 B 07 419591.4 5578023.6 67 42 18 47 1.2 
2001 B 08 419575.7 5578027.7 63 40 20 45 1.2 
2001 B 09 419585.5 5578036.9 61 42 24 48 1.3 
2001 B 10 419602.6 5578034.3 65 46 22 51 1.4 
200rB"ll 419614.4 5578029.3 6 6 4) 19 45 1.1 
200) C 01 419700.5 5578111.6 72 39 13 42 1.0 
2001 C 02 419705.3 5578113.3 59 45 23 50 1.4 
2001 C 03 419714.6 5578116.6 65 47 19 5 ) 1.4 
2001 C 04 419722.9 5578119.8 67 4) 18 45 1.1 
200 r c 05 419735.9 5578)24,1 72 46 15 48 1.3 
2001 C 06 419745.2 5578)27.5 61 43 24 49 1.3 
2001 C 07 419755.2 5578130.8 63 42 22 47 1.3 
2001 C 08 419763.1 5578131.7 6 6 42 18 46 1.2 
200)"C 0 9 419772.7 5578134.2 64 4) 20 46 1.2 
2001 C 10 419782.6 5578135.5 63 38 20 43 1.1 
1.3 2001 C 11 4)9791.2 5578136.3 62 43 23 49 
2001 C 12 4)9780.9 5578122.8 60 45 26 52 1.4 
2001 C 13 419748.6 5578115.2 66 43 19 47 1.2 
2001 C 14 4)9717.9 5578109.1 69 42 16 45 1.2 
2001 C I S 4)9705.4 5578109.8 69 42 16 45 ) . ) 
1.3 200rc"l6 419695.6 5578104.9 71 45 16 48 
2001 C 17 419698.9 5578088.1 70 46 17 50 1.3 
2001 C 18 419707.3 5578090.9 67 45 19 49 1.3 
2001 C 19 419718.1 5S7S092.6 66 42 19 46 1.2 
2001 C 20 419727.7 5578095.6 66 43 20 47 1.3 
2001 C 2 1 419738.3 5578095.0 59 46 28 5 5 1.6 
200) C 22 419691.9 5578090.4 67 4) 17 45 1.2 
200) C 23 419761.2 5578090.7 71 49 17 52 1.5 
2001 C 24 419771.2 5578089.7 66 43 19 47 1.2 
2001 "C~25 419780.9 5578089.9 64 42 21 47 1.3 
2001 C 2 6 419793.7 5578088.4 63 42 21 48 1.3 
2001 F 01 419687.2 5578325.7 58 38 24 45 1.2 
200)~F"02 419698.3 5578328.5 56 39 26 46 1.3 
200) F 03 419708.9 5578329.3 59 40 24 47 1.2 
200) F 04 419718.3 5578329.2 6) 40 22 46 1.2 
2001 F OS 419727.8 5578329.7 6) 43 24 50 1.4 
2001 F 0 6 419739.4 5578328.4 64 42 20 47 1.2 
2001 F 07 419748.0 5578314.5 60 43 25 50 1.4 
2001 F 0 8 419737.4 5578293.3 61 4) 23 47 1.2 
2001 F 09 419725.1 5578297.8 59 39 24 46 1.3 
200rF~10 419709.6 5578300.2 60 4) 24 47 1.3 
2001 F 11 419701.3 5578299.9 6) 42 23 47 1.3 
2001 F 12 419691.1 5578279.7 56 42 28 5 ) 1.4 
200rF~13 419700.9 5578276.6 6) 41 22 47 1.2 
2001 F 14 419710.7 5578276.4 60 40 23 46 1.2 
2001 F I S 419726.7 5578276.6 58 39 86 46 1.2 
2001 F 16 419747.3 5578289.0 57 39 25 47 1.3 
2001_N_01 419848.) 5578073.2 62 45 24 5 ) 1.4 
2001 N 02 419837.7 5578074.4 68 44 18 47 1.2 
200rN~03 419825.9 5578074.9 64 42 21 47 1.3 
2001 N 04 419S14.0 5578074.9 65 43 20 48 1.3 
200rN~05 419803.3 5578074.0 60 45 26 52 1.5 
2001 N 06 419821.1 5578102.3 69 43 16 46 ).2 
2001 N 07 419832.3 5578100.6 7 ) 39 14 41 ).0 
2001 N 08 419841.8 5578101.5 72 43 14 46 ).2 
200rN"09 419853.1 5578102.8 73 43 14 46 ).2 
2 0 0 r N ~ 1 0 419867.7 5578104.7 67 44 19 48 1.3 
2001 N " I I 419879.8 5578104.0 65 42 20 47 1.2 
2001 N 12 419886.7 5578116.0 6 6 48 22 52 1.5 
2001 N 13 419877.2 5578124.9 63 45 22 50 1.4 
200rN 14 419868.8 5578123.8 6 ) 42 24 48 1.3 
2001 N ' I S 419857.7 5578125.0 62 45 23 50 1.4 
2001 N 16 419842.7 5578124.6 60 45 26 52 1.4 
200rN 17 419828.6 5578123.0 68 46 19 50 1.3 
2001 N 18 419817.0 5578125.0 63 45 23 51 1.4 
2001 N 19 419S04.9 5578123.7 60 44 25 51 1.4 
A\'cragc 64 42 22 48 1.3 
Standard 4 2 8 3 0.1 
Deviation 
95% ) ) 2 1 0.0 
conFidence 
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Figure A4.1: Benthic Imager screenshot showing the 5-spot laser pattern around a burrow of the angular crab, Goneplax 
rhomhoides. The image has been overlaid with a 20 x 20 cm square quadrat that has been corrected to account for 
perspective Reproduced from Figure 2.7. 
Lutraria lutrafia cf Acanthocardia sp 
cf Acarthocardia sp 
Thalassinidean openings 
Thalassinidean opening 
n O Y 0 3 
10: t S 
'•3-siphoned 
D E P T H 
0 0 1 0 . 
Figure A4.2: Typical image of the seabed at Jennycliff Bay with the laser spot pattern Megafaunal features include 
thalassinidean burrow openings, and the openings of the infaunal bivalves Lutraha lutraha and cf Acanthocardia sp.. The 
video overlay displays ROV orientation with a date-time and depth stamp 
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Figure A4.3: Typical image of the seabed at JennyclifT Bay with the laser spot pattern. Megafaunal features include a 
Callianassa mound and the surface openings produced by the infaunal bivalves Lutraha lutraha and cf Acanth(Kardia sp.. 
The video overlay displays R O V orientation with a date-time and depth stamp 
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Figure A4.4: Typical image of the seabed at Jennycliff Bay with the laser spot pattern Megafaunal features include the 
openings of the infaunal bivalves Lutraria lutraria and cf Acanthocardia sp. with the polychaete Myxicola infundihuhmj, the 
epifaunal gastropod, Turitel/a communis, and an ejected sediment patch. The video overlay displays R O V orientation, time 
stamp and U T M co-ordinates derived from the Sonardyne underwater acoustic positioning system 
Figure A4.5: Typical image of the seabed at the Upper Basin of Loch Creran showing the laser spot pattern The dominant 
megafaunal burrow (right of image) is constructed by the Norway lobster, Nephrops norvegicus, one individual being visible 
in a burrow entrance Two colonies of the seapen, Virgularia mirabi/is, are also present 
to 
Figure A4.6: A rare foray of the angular crab, Goneplax rhomhoides, from its burrow at the Upper Basin of Loch Creran. A 
typical burrow opening may be seen in Figure A4.1. The video overlay displays R O V orientation only as current speeds were 
negligible. 
